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ABSTRACT 
A study was conducted at the Iowa State University Ifinds Irrigation Farm, Ames, lA 
during the summers of 1997 and 1998 to compare the Bt and non-Bt versions of two maize 
(Zea mays, L.) hybrids. The plants were grown in buried, one meter deep, containers filled 
with a Nicollet loam (Aquic Hapludoll) soil. A rainout shelter protected the plots fi'om the 
interruption of water deficit by rainfall Irrigation was scheduled so that the plants experienced 
water deficit during the peak egg hatch of the first and second European com borer, Ostrinia 
nubilalis (Hubner) generations. Water deficit during the vegetative period delayed leaf 
appearance and tasseling, reduced the area of individual leaves and plant height, but did not 
affect total leaf number. Thermal time requirement per leaf was different for the two years 
due to the interactive effect of photoperiod and cool temperatures. The lowest grain yields 
were observed when water deficit was imposed around tasseling. Biomass yield was lowest 
with vegetative period water deficit, but there was also a significant reduction when water 
deficit was imposed during the reproductive period. The amount of stalk tunneling by com 
borer larvae was not different between water deficit treatments, but Bt plants had significantly 
less tunneling by the second-generation larvae than non-Bt plants. Stressed and non-stressed 
plants differed significantly in leaf temperature, stomatal conductance and sap flow, but Bt and 
non-Bt plants did not. It was concluded that the introduction of the Bt gene into maize plants 
for a better resistance to European com borer did not affect their water relations. 
Transpiration measured by the sap flow technique was well correlated with Penman potential 
evapotranspiration, suggesting that this method is more suitable than porometry or infiared 
thermometry for plant transpiration measurements under varying environmental conditions. A 
X 
stress indec was derived from transpiration measured 15 to 18 days after silking which could 
be used as a simple yield forecasting tool by decision makers. 
1 
CHAPTER L GENERAL INTRODUCTION 
1.1. Introduction 
Water is one of the most important resources for agricultural crops, but its availability 
is limited in many areas of the woild. In the Com Beh of the United States, the June-July-
August normal rainfaU constitutes only half of the water needed to produce high maize yields 
(James, 1994). Shaw and Newman (1985) indicated that drought stress was by the most 
frequent yield reduction factor in the Com Belt. More recently, Carlson (1990) identified 01 
July soil moisture and heat stress as the two weather variables associated with low maize 
yields in Iowa. 
European com borer, Ostrinia nubilalis (Hubner), also causes important yield losses 
to maize in northern America. In the USA, the annual monetary loss, including yield losses 
and control expenditures, is estimated at one billion doUars (Mason et al., 1996). These 
authors also indicated that European com borer damage to maize is primarily the result of 
physiological impediment, whereby infested plants have poor ear development due to damages 
in leaves and conductive tissues. Godfrey et al. (1992) indicated that the water relations of 
maize plants injured by this pest were similar to those experiencing drought stress. One can 
therefore consider the amount of water transpired by a maize plant as an indicator of both soil 
water deficit and resistance to com borer infestation. 
Since 1996, several seed companies have commercialized new transgenic maize 
hybrids that are resistant to European com borer. Those new hybrids, commonly known as Bt 
com, have been genetically engineered to incorporate genes of Bacillus thuringiemis (Bt), a 
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soil bacteriuin causii^ diseases in many insect species (Koziel et ai., 1993; Annstrong et al., 
1995). Ffigh concentrations of the Bt toxin in leaves, sheath and collar where the young larvae 
initially feed, are efifective against both first and second generations of com borer larvae. 
Indeed, com borer larvae die within three to four days after attempting to feed on Bt com 
leaves. The efifect of water deficit on Bt com resistance to European com borer infestation has 
not been investigated. 
The objectives of this dissertation research were: 
1) to assess how soil water deficit affects Bt com jaeld and resistance to European 
com borer, 
2) to identify growth and development differences between Bt and non-Bt com plants 
in response to various agrometeorological conditions of the growing season, 
3) to quantify the degree of water deficit imposed at different times of plant 
development using three indicators of plant water status: leaf temperature, stomatal 
conductance and sap flow, and 
4) to compare these indicators among themselves and with potential 
evapotranspiration estimated by the Penman 1963 formula. 
1.2 Dissertation Organization 
This dissertation is composed of four chapters. Chapter lis a general introduction that 
includes the review of available literature on the different ways of determining plant water 
status, the effect of soil water deficit on maize growth and development, the biology and 
economic importance of European com borer in the United States, and the characterization of 
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Bt com. A description of the experimental set-up, the treatments applied and the methodology 
of measurements is also given in this first chapter. The following two chapters are written in 
the format of papers to be submitted for publication in Agronomy Journal. The first author 
played the major role in conducting the experiments, analyzing the data and writing the 
papers. In the first paper (chapter II) the effect of soil water deficit on the growth and 
development of four maize plant types (two Bt and their corresponding non-Bt) is discussed. 
In the second paper (chapter EH) we analyze and discuss the results of leaf temperature, 
stomatal conductance and sap flow measurements realized on two maize plants types (Bt and 
non-Bt). Finally, in chapter IV, we present the general conclusions fi-om the two papers. 
Appendices, containing daily weather data, amounts of irrigation water applied to the different 
water deficit treatments, FORTRAN codes for the calculation of thermal time and the Penman 
potential evapotranspiration, and data on yield components and com borer damage, follow the 
last chapter and references cited in the general introduction are listed at the end. Throughout 
this dissertation, expressions "water stress" and "moisture stress" are used to mean "water 
deficit", unless otherwise stated. 
13. Literature review 
1.3.1. Measurement ofpUmt water status 
Water is one of the most important resources needed by plants for survival and 
optimum production. Campbell and Stockle (1993) indicated that more than 99% of the water 
taken up by plants is used for maintaining turgor in leaf mesophyll cells and less than 1% for 
growth. Moreover, the amount of water that a plant transpires daily can be ten times its fi'esh 
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weight (Gardner et al., 1985), and 98 to 99% of the total uptake from the soil (Hsiao, 1990a). 
Boyer (1995) determined that a maize plant needs 20 000 to 50 000 g of water to reach the 
tasseling stage when it weights only approximately 800 g, of which 88% is water. 
Transpiration, together with evaporation of liquid water from soil or plants' surface 
constitute what is called evapotranspiration: a process by which water is transferred from the 
soil-plant system to the atmosphere. Transpiration occurs when leaf stomata open up to 
absorb carbon dioxide (CCh) for photosynthesis. It is governed by both internal and external 
factors to the plant. Water moves from a point with higher potential to a point with lower 
potential. Therefore, in the soil-plant-atmosphere system, the water potential differential 
between these three components is the driving force of water transport. Guo (1992) gave 
approximate values of -50, -120, and -3000 meters for soil, plant and atmospheric water 
potential, respectively. Water moving through this system encounters resistance at several 
levels, including soil, root, xylem, and leaf stomatal and boundary layer resistances. Among all 
the factors influencing water transport through the plant, Campbell and Stockle (1993) 
considered atmospheric demand and soil water supply to be the most important. 
A plant's growth and development are intimately related to its water status, which can 
be characterized using various parameters. The most commonly used parameter is the water 
potential (^ of a tissue or an organ expressed in units of pressure (MPa) (Hsiao, 1990b). 
Tissue water content, determined relative to either fresh or dry weight, and relative water 
content (RWC) are also found in the literature. Among the numerous other methods of 
measuring plant water status, we will examine leaf temperature, stomatal conductance, and 
sap flow. 
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I.3.U. Leaf temperature 
When a crop is experiencing water d^cit, the reduction in transpiration that results is 
accompanied by an increase in leaf temperature (Idso et aL, 1981, Hatfield, 1990b). Also, a 
transpiring plant usually has a cooler leaf temperature than ambient air (Zipoli, 1990). Leaf 
temperature is therefore an indicator of not only temperature stress, but also water stress. It 
has been measured with thermometers in contact or inserted in leaf tissues, or remotely using 
infixed thermometers. This latter technique has the advantage of being &st and 
nondestructive (Zipoli,1990). 
Leaf temperature has been directly used in comparing different indicators of plant 
water stress (Carlson et al., 1972; Khera et al., 1992), in germplasm screening for drought 
resistance (Canity and O'Toole, 1995), yield estimation of water stressed crops (Khera et al., 
1992), assessment of stress induced by insect injury (Schaafsma et al., 1993) or fertilizer 
deficiency (Selvaraju, 1994), irrigation scheduling (Nielsen, 1990; Upchurch et al., 1990), and 
evapotranspiration estimation and modeling (Hatfield et al., 1984). Also, several indices were 
derived firom leaf temperature measurements to assess plant water status for irrigation 
scheduling (Zipoli, 1990; Wanjura et al., 1995; Kjelgaard et al., 1996), establishing 
relationships between water supply and final yield (Nielsen and Gardner, 1987; Hattendorf et 
al., 1988; Mahant and Aggarwal, 1991; Garrot et al., 1994), adjusting stomatal conductance 
measurements within small gas exchange chambers (Idso et al. 1987; Idso et al., 1988; 
Hattendorf et al., 1990; Inoue et al., 1990) and estimating crop evapotranspiration (Hatfield et 
al., 1984; Kjelgaard et al., 1996; Soegaard and Boegh, 1995; Hattendorf and Davenport, 
1996). 
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Zipoli (1990) reported on an indoc that could be computed using air-borne or ground-
based infiared scanners. This index, the canopy temperature variability (CTV), is the standard 
deviation of canopy temperature measured at different locations of a field. CTV values of 
0.3°C were typical for well-watered plants, while values of up to 4.0°C were observed with 
stressed ones. A threshold value of 0.8°C was recommended for iirigation scheduling 
purposes (Zipoli, 1990). 
The stress-degree-day (SDD), corresponding to the difference between leaf and air 
temperatures (Tc-Ta), was first introduced by Idso et al. (1977). Negative values of SDD 
characterized well-watered plants and positive values, plants needing water. Further 
investigations revealed that temporal and spatial variability of climatic conditions was not 
taken into account by the stress-degree-day parameter. This lead Idso et al. (1981) to develop 
the crop water stress index (CWSI), also known as the Idso-Jackson (U) index, which 
corrected canopy-air temperature diflference (Tc-Ta) for enviromnental variability: particularly 
that of relative humidity. CWSI values vary between 0.0 and 1.0, corresponding respectively 
to situations when the crop is transpiring without limitation and when no water is available for 
transpiration. O'Toole and Hatfield (1983) reported that for crops with canopy structure 
similar to that of sorghum and maize, low wind speeds may cause the overestimation of 
CWSI, and high wind speeds, its underestimation. They established a linear relationship 
between the upper limit of (Tc-Ta) and wind speed to correct CWSI accordingly. Itier et al. 
(1993) also suggested an alternative way of calculating CWSI so that the influence of wind 
speed and soil temperature in unclosed canopies is minimized. A comprehensive review on the 
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history and theory of CWSI, as well as the appropriate procedures for its determination are 
given in Gardner et al. (1992a, 1992b). 
Wanjura et al. (1995) defined another leaf temperature based index; the temperature-
time-threshold (TTT). TTT was derived fi^om hourly values of canopy temperature, and 
defined as the duration of the period during which the crop leaf temperature stays above a 
given threshold. According to these authors, TTT has the advantage of taking into account 
the temperature dependence of metabolic activities and the relationship between plant water 
status and canopy temperature. They used 28°C as temperature threshold for cotton to 
compare different TTT values upon which irrigation decisions were based. They found that 
this method of irrigation scheduling was sensitive to rain&ll events and that the yield 
difference between two and four hours of TTT was not significant. Therefore, using this index 
allowed for reducing irrigation frequency without affecting final cotton jaeld. 
1.3.1.2. Stomatal conductance 
The surfiice of plant leaves is covered by a multitude of pores called stomata, which 
open in the presence of light to allow for carbon dioxide assimilation during photosynthesis. 
At the same time, water vapor difiiises through these pores to the atmosphere in the process 
of transpiration (Monteith et al., 1965; Hsiao, 1990a). The rate of gas exchange between the 
leaf and the atmosphere is therefore proportional to the degree of stomatal opening, or 
conductance. The inverse of stomatal conductance, stomatal resistance, has a wider use in 
evapotranspiration estimation formulas. 
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To limit their water loss, plants regulate their stomatal conductance in response to 
internal and environmental &ctors. These are: plant water status, quantum flux density, CO2 
and water vapor pressure gradients, and soil water status (McDermitt, 1990; Turner, 1991; 
Muenchrath, 1995). Stomatal conductance is measured by porometers and is expressed either 
in velocity (m s"') or in mole units (mol m'^  s"'). 
Values of stomatal conductance reported in the literature vary depending on the 
species, the type of porometer used, the purpose of the ecperiment and environmental 
conditions (Tumer,1991). This author pointed out that soil water content is more important 
than leaf water status in triggering stomatal closure. He also indicated that phytohormone 
balance between the roots and the shoots is the driving force of stomatal opening and closure. 
This balance is regulated by soil water status, and stomata may close at even relatively high 
leaf water contents (Turner, 1991). Jones (1990) also indicated that, in some situations, the 
roots sense the soil water status and signal it to the shoots by means of chemical messengers 
like abscisic acid (ABA). Other environmental factors such as water vapor pressure deficit 
(Idso et al., 1987; Idso et al., 1988; Monteith, 1990), porometer chamber temperature (Ansley 
et al., 1994), and the reduction of the leaf boundary layer resistance by porometer stirring fan 
(Hsiao, 1990a) can also influence the degree of stomatal opening. Because of all these 
uncertainties, Hsiao (1990a) warned that it could be erroneous to assume that transpiration is 
largely controlled by stomata, particularly in fiill canopies or under low wind. 
Farahani and Bausch (1995) reported that, fi'om before tasseling to eariy maturity, 
stomatal resistance of non-stressed maize plants ranged fi'om 100 to 300 s m*\ Th^ obtained 
the highest values during cloudy days and/or with lower and older leaves. Other investigators 
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used stomatal conductance/resistance to compare high and low levels of nitrogen fertilization 
of maize plants (Bennet et al., 1986), to assess the degree of plant injury by western com 
rootworm larvae (Hou et al., 1997), to establish relationships with leaf water potential at 
dififerent growth stages (Ackerson and Krieg, 1977; Carlson et al.; 1979), to estimate millet's 
(Permisetum typhoides S. and H.) seasonal transpiration (Azam-Ali, 1983), and to establish 
correlations with the yield of the successive commercial releases of Pima cotton (Gossypium 
barbadense) and wheat (Triticum aestivum) cultivars (Lu et al., 1998). 
1.3.1.3. Siqjflaw 
Continuous monitoring of crop water status is necessary in many areas of agricultural 
production. For irrigation scheduling or yield prediction purposes, canopy temperature based 
methods seem to be sufficiently accurate and readily applicable, but they are often crop and/or 
location specific. Leaf stomatal conductance has also been used, but it needs interpolation to 
represent a whole plant or canopy (Romero, 1994). Besides, there is the risk of disturbing the 
leaf environment. As we discussed in the previous section, estimating plant transpiration using 
porometer measurements of stomatal conductance could be erroneous. A technique that 
estimates the whole plant transpiration through sap flow was introduced in the 1930's by 
Huber (Salisbury and Ross, 1992). It was originally used with trees, but has now been adapted 
to herbaceous plants. The heat pulse and heat balance methods are the two approaches 
currently used. The heat pulse method consists in estimating the sap velocity by measuring the 
temperature difference between two thermocouples inserted into the stem on both sides of a 
heater (Cohen et al., 1988). The second method determines the sap flow by measuring the 
10 
componCTts of the energy balance into and out of a heated stem segment. The gauge, which is 
attached around the stem segment, measures the amount of heat applied, the radial, and the 
vertical components of the heat flux (Sakuratani, 1981; Baker and Van Bavel, 1987). The 
convective heat loss through sap flow, from which the water mass flow rate is derived, is 
calculated as the residual in the stem ener^ balance. Transpiration from a whole canopy is 
estimated by normalizing the sap flow measurements of single plants on a leaf area basis (Ham 
et al-, 1990). Cohen et al. (1993) compared the two sap flow methods on potted plants of 
maize and soybean (Glycine max Merr.^. They found that the heat pulse method was less 
accurate at low transpiration rates and the ener^ balance method performed well at low and 
moderate, but relatively bad at high transpiration rates. They also indicated that the energy 
balance method had the advantage of being applicable to intact plants and did not require 
calibration. Several researchers found that this method estimates herbaceous plants 
transpiration with an accuracy of 5 to 10% (Sakuratani, 1981; Baker and Van Bavel, 1987; 
Ham et al., 1990), and recommended it for the study of plant water relations (Dugas, 1990; 
Ham et al., 1990; Gavioski et al., 1992; Senock et al., 1996; Trambouze et al., 1998). Ansiey 
et al. (1994) observed that sap flow and porometer measurements of honey mesquite 
(Prosopis glandulosa) transpiration were generally in good agreement, but the accuracy 
declined at higher transpiration rates due to the warming of porometer chamber during the 
afternoons hours. Soegaard and Boegh (1995) observed a decrease in pearl millet 
(Permisetum gkmcum (L.) R. (BT.)) sap flow during days of high precipitation and low 
potential evaporation, and an increase with leaf area expansion and stem elongation. Th^ also 
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obtained a good agreement with the eddy correlation method of estimating plant 
ev^x>transpiration during days with n^ligible soil evaporation. 
1.3.2. Effect of water deficit on maize growth and development 
The efifect of water deficit on maize growth and development has been studied 
extensively. The numerous researchers not only examined the effect of water deficit during the 
vegetative (Deanmead and Shaw, 1960; Grant et al., 1989; NeSmith and Ritchie, 1992; 
Abrecht and Carbeny, 1993) and reproductive periods (Robins and Domingo, 1953; 
Deanmead and Shaw, 1960; Claassen and Shaw, 1970a, Claassen and Shaw, 1970b; Herrero 
and Johnson, 1981; Harder et al., 1982; Cjrant et al., 1989; Westgate, 1994), but also that of 
the combination of different amounts of watering and durations (Harder et al., 1982), or 
fertilization regimes (Bennett et al., 1989). Their results show that water deficit occurring 
during the vegetative period (before tasseling) can resuh in shorter plants and smaller leaf area 
(Deanmead and Shaw, 1960; NeSmith and Ritchie, 1992; Abrecht and Carbeny, 1993), 
decreased water use due to the reduction in plant size (Robins and Domingo, 1953), delayed 
leaf tip emergence, tassel emergence, silking and onset of grain filling (NeSmith and Ritchie, 
1992; Abrecht and Carbeny, 1993), decreased vegetative dry matter (Claassen and Shaw, 
1970a), and reduced grain yield (Deaimiead and Shaw, 1960; NeSmith and Ritchie, 1992). 
Abrecht and Caiberry (1993) mentioned however that non-lethal water stress at the beginning 
of the season did not significantly affect total leaf number, total leaf area per plant, grain yield 
and kernel number per plant. 
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Reproductive period (after tasseling ) is considered the most sensitive phase of maize 
growth and development regarding water deficit. Grain yield can be drastically reduced 
depending on the duration and intensity of the stress. Robins and Domingo (1953) reported a 
reduction of grain yield by 22% following the depletion of soil moisture to the wilting point 
for one to two days during tasseling or poUinatioa The corresponding yield decrease for a 
stress period of six to eight days was 50%. Deanmead and Shaw (1960) also reported a 50% 
yield reduction at silking. Th^ pointed out that although water deficit significantly reduced 
maize grain yield at all stages, silking was the most sensitive stage. They also indicated that 
this critical period does not last very long after 75% silking, and grain yield reduction was 
only 21% when water deficit was applied at ear stage (Deanmead and Shaw, I960). Harder et 
al. (1982) came to a similar conclusion when th^ found that kernel number per plant was 
afiected only by water deficit applied two to ten days after 75% silking. Sinclair et al. (1990) 
demonstrated that grain yield was very well correlated with biomass yield over a wide range 
of environments and irrigation treatments. They concluded that the greater sensitivity of grain 
yield to water deficit at anthesis is due to this stage being also the period of maximum biomass 
accumulation and water use. Other effects of water deficit during the reproductive period 
include; increase in the interval fi'om silking to pollen shed (Herrero and Johnson, 1981), 
shortening of the grain filling period (Westgate, 1994) and reduction in kernel number and 
kernel weight (Claassen and Shaw, 1970b; Harder et al., 1982; Grant et al., 1989). Herrero 
and Johnson (1981) also observed that water deficit during the reproductive period affected 
more the development of maize female rather than male organs 
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Bennett et al. (1989) studied the effect of both nitrogen and water stresses on maize. 
Th^ found that when nitrogen was not limiting, a 10 day water deficit precedmg silking 
resuhed in 22% reduction in biomass and 19% reduction in grain yield. However, these yield 
components were equally affected at the low nitrogen level when the maize plants received 
different soil moisture treatments. Gavloski et al. (1992) withdrew water fi'om different 
sections of maize root system before leaf stage 15. Th^ observed that shoot and root growth 
decreased when more than 50% of the roots were under water deficit conditions. 
Heuer (1982) summarized the numerous results of scientific investigation on the 
effects of water deficit on maize and concluded that maize seems to be less susceptible to 
water deficit during early vegetative growth, that the reduction of kernel number by stress 
near silking can be compensated through increased kernel size, and that remobilization of 
stored photosyntates may occur during grain filling if photosynthesis is limited by stress. 
1.3.3. European com borer: biology and economic importance 
European com borer, Ostrinia nubilalis (Hubner), causes important yield losses to 
maize in Noithem America and Europe. According to Mason et al. (1996), it was introduced 
to America fi'om Hungary and Italy through broom com during the eaiiy 1900s. Its 
appearance in Iowa is traced to the year 1942. In the United States the annual monetary loss, 
including yield losses and control expenditures, is estimated at one billion dollars (Mason et 
al., 1996). Rice and Osthe (1997) reported a yield lost of 32.6 bu/acre (36.5 kg/ha) of maize 
in Iowa and 14 bu/acre (15.7 kg/ha) in Nfinnesota following an outbreak of European com 
borer in 1991. 
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European com borer belongs to the family Crambidae in the order Lepidoptera. Its life 
cycle is composed of four stages of development; egg, larva, pupa, and moth (Mason et al., 
1996). The larva develops from first to fifth instar. At the fiflh instar, depCTding on 
environmental conditions (temperature and daylength), the larva either pupates to become an 
aduh (moth) or enters diapause. Diapause is a state of suspended development that allows the 
insect to survive through winter. It is triggered by the shortening daylengths and cool 
temperatures of mid to late summer (Mason et al., 1996). In Iowa, after overwintering in plam 
debris, diapause is terminated in April or May and adult moths emerge early in the summer to 
produce the first generation larvae. These larvae feed primarily on the mesophyll of leaves and 
they leave a characteristic mark consisting of small holes and patchy areas lacking leaf tissues. 
They eventually move down to burrow into the stalk where they develop into the fiflh instar 
and pupate. With favorable weather, new moths emerge again, mate and lay eggs: preferably 
on recently tasseled maize plants (Mason et al., 1996). Those eggs will hatch within three to 
five days, giving rise to the second generation. The newly hatched larvae feed on sheath and 
collar tissues or pollen, and by the time th^ reach the fourth instar, most of them would bore 
into the maize stalk. European com borer damage to maize is from leaf and midrib feeding, 
stalk tunneling, leaf sheath and collar feeding, or ear damage. Mason et al. (1996) indicated 
that most of the yield losses caused by first and second generation com borer larvae are the 
result of physiological impediment (poor ear development due to damages in leaves and 
conductive tissues) rather than ear droppage. 
Rice and Ostlie (1997) reported on the different methods used to manage European 
com borer planting hybrids with known resistance, adjusting planting date, scouting and 
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using economic thresholds, early harvest and stalk destruction. Th^ found that scouting and 
use of economic thresholds was the most favored decision making tool among agro-chemical 
professionals, crop consultants and educators/agronomists. In this process, accurate prediction 
of the insect development is very important. Although sofl moisture and atmospheric himiidity 
may be important for normal insect development, air temperature has been successfully used 
in predicting insect phenology (Baker et al. 1984) because of their cool blood (Mason et al., 
1996). The growing degree-day (GDD) method, developed by the United States National 
Weather Service and adopted by maize seed industries to predict crop growth stages (Nanda 
et al. 1984), has also been used for insects (Baker et al. 1984; Mason et al., 1996). It consists 
in summing successive daily thermal degrees by the following formula: 
GDD = Z (Tmean - Tb), 
where Tmean = (Tmax +Tmin) / 2 is the mean daily air temperature, Tmax and Tmin are the 
maximum and the minimum daily temperatures, respectively, and Tb is the base temperature 
for a given growth stage. In the calculation process, maximum temperatures above 86°F 
(30°C) and minimum temperatures below 50°F(10°C) are replaced by these respective 
thresholds, and negative values of GDD are ignored. (Nanda et al. 1984, Baker et al. 1984). 
Shower et al. (1983), suggested a unique base temperature of 50°F (10°C) and the beginning 
of the GDD calculation starting the day after the capture of the first spring moth. They found 
that the first larva instar forms after the accumulation of approximately 500°F, the fifth after 
1100°F, and the adult moth of the second generation can be expected after 1600°F have 
accumulated. Baker et al. (1984) suggested for South-central Minnesota a linear or curvilinear 
increase in the base temperature fi'om 2.8°C (37°F) to 5.6 °C (44°F) between instar 1 and 
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instar S, and 10°C (50°F) for the mature instar. The 0)D method is used in the model 
developed by the Iowa State University Cooperative Extension Service to predict European 
com borer development. 
1.3.4. Bt com 
Management of agricultural pests includes not only insecticide applications, but also 
the use of resistant or tolerant cultivars. In this regard, genetic engineering has become a 
valuable tool for plant breeders. Kosiel et al. (1993), and Armstrong et al. (1995) reported on 
the performance of transgenic maize hybrids having been engineered to express insecticidal 
efifects on European com borer. Since 1996, several seed companies have put in the market 
maize hybrids that have Bacillus thuringiensis (Bt) genes incorporated into them. Bt is a soil 
bacterium causing diseases in many species of moths (Lepidoptera), mosquitoes (Diptera) and 
few beetles (Coleoptera) (Pedigo, 1996). The Bt bacterium contains a proteinaceous crystal, 
called delta endotoxin, and spores. After ingestion by the insect, the crystal quickly dissolves 
in the alkaline (high pH) gut, causing midgut perforation and subsequent infection by the 
spores (Rice and Pilcher, 1994; Pedigo, 1996). Pieper (1994) also indicated that the Bt protein 
provokes the formation of a substance in the gut of the com borer larva causing the insect to 
stop feeding and subsequently, its death within three to four days. 
Pedigo (1996) mentioned the existence of several varieties of BCKHIUS thuringiensis. 
These include the variety kurstaki, used against lepidopterous pests such as European com 
borer, the variety israelensis used against mosquitoes and black flies and the varieties son 
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diego and tenebrionis used against beetles like the Colorado potato beetle and the elm leaf 
beetle. 
Genes of Bacillus thuringiensis are introduced to plants by recombinant DNA 
technology. This involves the identification of the appropriate protein, the design of a gene 
susceptible to express that protein in the desired plant species and the insertion of the gene 
into the plant. In the case of Bt com, a "gene gun" is used to propel tiny particles of helium 
gas coded with the new gene through the cell wall (Pieper, 1994). The cells that receive the 
new gene are multiplied by tissue culture to obtain small seedlings. These seedlings are then 
grown to full maturity in the greenhouse and their seeds tested for the presence of the new 
gene. The transformed plants are then tested in field conditions using traditional plant breeding 
techniques. 
Currently available transgenic maize hybrids may have Bt only in the leaves and stalk 
tissues or have it in kernels, pollen and other parts of the plant as well (Mason et al., 1996). 
These authors also pointed out that high concentrations of the Bt toxin in leaves, sheath and 
collar where the young larvae initially feed, are most effective against both first and second 
generations of com borer. Rice (1997) indicated that only one Bt gene, Cryl Ab, was used in 
currently available commercial maize hybrids. Depending on the company, this gene has been 
modified into different events. Event 176 was the one trademarked by 'CIBA seeds as 
^iCnockOu/ and used in their 'Maximizer line of hybrids. 'Northrup King on the other hand 
used event Bt-11 for their 'YieldGard technology (Rice, 1997). 
' Mention of trade names does not imply endorsement the author 
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1.3.5. Modeling maize growth and development 
Growth is defined as the increase in weight, length or area, while development is the 
sequencing of phenological events in the plant life cycle (Ritchie and NeSmith, 1991). 
Agricultural crops grow and develop under varying environmental conditions that affect their 
productivity. These include soil moisture and nutrient status, weather (temperature, solar 
radiation, rain£ill, water vapor deficit, wind speed, etc...), and pests. Field experimentation has 
been the common way of evaluating the influence of each of these factors on crops. However, 
this process can not only be costly, but also may last long before all the desired effects are 
quantified. Models that combine theory and results fi'om some few years field experiments 
help evaluate the behavior of a crop under real and hypothetical enviroimiental conditions. 
They can be used for management decisions made at the farm level as well as for long term 
planning at national and/or regional levels. However, model outputs need to be checked 
against observed data to make sure they reasonably estimate reality. 
Several models were developed to simulate crop growth and development. The 
DSSAT (Decision Support System for Agrotechnology Transfer) family of models which was 
compiled by the International Benchmaiic Sites Network for Agrotechnology Transfer 
(IBSNAT) are widely used. They take into accoum not only the variability of weather, but 
also that of genetic material and soil types. CERES-Maize belongs to this family of models 
and was initially developed by Jones and iCiniry (1986) to simulate maize growth and 
development. It uses a number of genetic coefficients to relate phenologic events to growing 
degree-days, to account for photoperiod sensitivity, and to estimate grain yield (potential 
kernel number and potential kernel growth rate). The concept of growing d^ee-days or daily 
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theruaal time (DTT) assumes that development is a linear fimction of temperature in the 
interval between a base temperature and an upper threshold temperature. Above the upper 
limit or below the lower limit, no development is assumed. Ritchie and NeSmith (1991) found 
that the lO^C base temperature frequently used for maize was too high, and they 
recommended 8°C instead. Kiniry (1991) also recommended 8°C as base temperature for all 
stages of maize development except seedling emergence, where 10°C was recommended- In 
addition, a high temperature cutoff is used between 34 and 44°C, whereby DTT values are 
decreased linearly from their normal value at 34°C to zero at 44°C. If temperature is lower 
than 8°C or greater than 34°C, an interpolation fimction is used to estimate air temperature at 
eight intervals between daily maxiinum and minimum temperatures. These procedures, and 
other modifications in the CERES-Maize model, were summarized by Hodges and Evans 
(1992). After reviewing the various methods of predicting cereal crops phenology, 
Shaykewich (1995) found that the phenological model used in CERES-Maize was the most 
comprehensive. More recently, Stewart et al. (1998) introduced the new concept of GTI 
(general temperature index), which is expressed as a cubic polynomial temperature function 
and avoids the temperature limits characteristic of the previous methods. 
1.4. Experimental setup 
The study was conducted at the Iowa State University I£nds Irrigation Farm, Ames, LA 
during the summers of 1996, 1997 and 1998. In 1996, flood damage resuhed in several 
missing plants in the experiment, which limited the number of replications needed for correct 
interpretation of measurement results. Therefore, discussion in the following sections will be 
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based on data obtained in 1997 and 1998. The experimental plots were 123 liter plastic 
containers filled with soil and buried. They were arranged in six East-West rows one against 
another in the rows, giving an interval of 0.56 m between the centers, and 0.77 m between the 
rows (Fig. 1.1). The soil in the containers was collected fi-om the 0.15 m upper layer of a 
Nicollet loam (Aquic Hapludoll) sofl (Romero, 1994). Fertilizer application in 1997 consisted 
in 170 kg/ha N, and 45 kg/ha K at planting on 06 May, and a side dressing of 110 kg/ha N on 
07 July. Soil analysis before planting showed that there was no need for applying P. The doses 
applied in 1997 were applied again in 1998 at planting on 07 May, but the side dressing 
consisted of200 kg/ha N and 220 kg/ha P in the form of diammoniimi phosphate on 09 June. 
No K fertilization was done in 1998. 
Maize plants were grown in buried containers so that their root systems could not 
exploit water fi-om the surrounding soil. Additionally, a rainout shelter protected the plots to 
prevent the interruption of water deficit by rainfall. Irrigation was scheduled so that the plants 
experienced water deficit three to four days before the peak egg hatch of the first and second 
European com borer generations and other critical periods of maize development. 
Twenty four treatments, consisting of six periods of water deficit imposition and four 
plant types were arranged in a randomized complete block design in split plots. Soil moisture 
treatments were in the main plots and maize plant types in the sub-plots. A detailed 
description of the treatments is given in Table 1.1. 
The plants not subjected to water deficit (MS3) were irrigated regularly with 1.875 
gallons (28.8 mm) of water per pot. At the time of stress imposition, irrigation was withheld 
until visual signs of water stress (leaf curling and discoloration) persisted three consecutive 
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days. Then 0.75 gallon (11.5 nun) of water was supplied to the stressed plants to keep them 
alive. This watering, which is basically half of the normal water supply, is called survival 
irrigation throughout the dissertation. This process went on at least twice for both first and 
second generation water deficit treatments. Fig. 1.2 illustrates the evolution of cumulated 
irrigation water for treatments MSI, MS2 and MS3 in 1997 and 1998. Irrigation data for all 
the treatments are given in Appendix 2. 
After determining the dates of peak of com borer infestation in nature, the plants were 
artificially infested with young larvae (approximately 50 per plant) by placing them inside the 
sheath of maize leaves. This was done during both first and second generations after 







Fig. 1.1; Schematic of the experimental plots 
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Table 1.1. Treatment description and imposition dates of water deficit on four niaize plant 
types. ISU Ifinds Irrigation Farm, Ames, lA. 1997-1998. 
Treatment Description Imposition dates 
1997 1998 
MSI First generation 20 June - 08 July 27 June - 15 July 
MS2 Second generation 27 July - 08 Aug. 24 July - 05 Aug. 
MS3 Control well watered 
MS4 Between the two generations 06 July - 20 July 10 July - 15 July 
MS5 At silking 17 July - 31 July 30 July - 21 Aug. 
MS6 After the second generation Aug. 23 - 02 Sep 24Aug.-OlSep 
CIBABt MAXIMIZER454 09 May-11 Sep 07May-07Sep 
CEBA non-Bt CIBA 4490 09 May - 11 Sep 07 May - 07 Sep 
NK Bt NK 7333-Bt 09 May - 11 Sep 07 May - 07 Sep 
NK non-Bt NK 7333 09 May - 11 Sep 07 May - 07 Sep 
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Fig. 1.2; Evolution of cumulated irrigation (mm) for two water deficit treatments and the 
controls a) 1997 and b) 1998 
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1 .^ Observations and measurements 
1.5.1. Growth and development 
Development stages (Ritchie et al., 1993), leaf area and crop height were monitored 
only on the CIBA plants, on which sap flow gauges were to be installed later in the season. 
The length and maytmiim width of each leaf were measured when the collar was visible and 
the leaf completely unfolded. Those values were used in the Mckee (1964) formula to 
calculate the area of individual leaves. Crop height was measured approximately every ten 
days by stretching a measuring tape from the soil surface to the collar of the top most fiiUy 
developed leaf. At harvest, the stalk of each plant was split longitudinally to measure the 
length of tunnels made by first and second generation com borer larvae. Maize grain yield 
was calculated based on the adjustment to a grain moisture content of 15.5%. After weighing 
the kernels collected from each ear, 10 samples per plant type were taken and oven dried at 
140 °F (60 °C) for 72 hours for grain moisture determination by the gravimetric method. The 
grain yield was determined using the following equation; 
Grain yield = (Grainl5.5 *2* 100000)/ plot size (in kg/ha), 
where Grainl5.5 is the grain weight (g) at 15.5% humidity, 2 is the number of plants per plot, 
with the plot size equal to 4312 cm^. 
The leaves and stalks were harvested separately and also oven dried at 60 °C for 72 
hours. Biomass yield was determined by adding grain yield at 15.5 % humidity, and the oven 
dried leaf and stalk weights. 
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1.5.2. Weather 
An automatic weather station was installed at the site of the experiment during both 
years. It recorded the hourly average of the main meteorological parameters with a CRIO 
('CAMPBELL scientific inc.) data logger. Air temperature and humidity were measured with 
a Vaisala sensor, solar radiation with a 'LI-COR pyranometer and wind speed and 
direction with a 'YOUNG anemometer. Air temperature and humidity were also measured in 
a weather screen nearby the Campbell station with a hygrothermograph ('BELFORT 
INSTRUMENT Co., Baltimore, MD). The latter instnmient was calibrated weekly using a 
'BENDDC psychrometer (model #566, Environmental Science Division, Baltimore, MD). The 
readings of the Vaisala humidity sensor were corrected using a linear relationship established 
between them and those of the hygrothermograph. Those of the LI-COR pyranometer were 
also corrected using a linear relationship established between them and the readings of an 
EPPLEY pyranometer located on the top of the agronomy building, on ISU campus. The 
slope and intercept of the relationship between temperature readings of the Campbell stations 
and the hygrothermograph were not significantly different fi'om one and zero, respectively. 
Therefore, no corrections were made for the Campbell stations temperature records. These 
weather variables (Appendix 1) were used to compute daily growing degrees (thermal time) 
following (Jones and {CiniTy.,1986) and potential evapotranspiration by the Penman 1963 
equation (Jensen et al. 1990). The FORTRAN 77 codes written for these calculations and 
their outputs are given in ^pendices 3,4, and 5. Fig. 1.3 and 1.4 illustrate the diurnal 
evolution of solar radiation during some selected periods of the experiment in 1997 and 1998, 





Fig. 1.3: Diumal evolution of solar radiation a) after the first generation water deficit and b) 
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Fig. 1.4: Diiarnal evolution of solar radiation a) After the first generation water deficit and b) 
during the second generation water deficit. ISU Ifinds Irrigation Farm. 1998. 
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Fig. 1.5. Accumulated growing degrees (thermal time) from emergence in 1997 and 1998. 
a) Entire growing season and b) during the first 30 days of development 
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1.5.3. Leaf temperature 
Measurements of leaf temperature were realized with an infrared thermometer 
('TELATEMP, inc.) every sunny day between 1200 and 1300 H local time on MSI, MS2 and 
MS3 treatments of the CIB A plants. Infrared thermometers (IRT) are designed to measure the 
ener^ emitted by an object towards which they are directed in the thermal infrared wave band 
of 8 to 14 |im (Hatfield 1990b; 2Spoli, 1990). As pointed out by Zipoli (1990), this wave band 
corresponds to the peak of energy emitted by natural objects (300 K) and to minimum 
attenuation by atmospheric water vapor. The energy emitted by plant surfaces is converted to 
temperature by applying Stefan's law, which relates the energy to the fourth power of 
temperature and the emissivity of the surface; 
where E is the energy emitted in Joules m'^  s"^ 8, the emissivity of the object, a, the Stefan-
Bohzman constant (5.68 10"* Joules m*^ s"' Kelvin"*), and T the temperature of the object in 
degrees Kelvin. 
When using infrared thermometers, some precautions such as an adequate field of view 
and regular calibrations are necessary. In our case, the calibration was done by checking the 
instnmient's readings against a black body standard before and after each series of 
measurements following the recommendations made by Hatfield (1990b). This author also 
indicated that the emissivity of most plants varies between 0.97 and 0.99. We took the 
constant value of 0.98 throughout the growing season. 
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Several authors suggest the use of the crop water stress index (CWSI), instead of leaf 
temperature itself to characterize the degree of plant water stress. The canopy-air temperature 
difference (Tc-Ta) is plotted against atmospheric vapor pressure deficit (VPD) for a non-
stressed crop to obtain a regression line callednon-water-stressed baseline In addition, a 
maxinmm value of (Tc-Ta) corresponding to a non-transpiring crop is also determined. CWSI 
is the indec that characterizes a crop at any intermediate state between these two extreme 
situations. Nielsen and Gardner (1987) gave the following equation for the calculation of 
CWSI: 
CWSI = (Tc-Ta-D2)/(D1-D2), 
where Tc is the canopy temperature ("C), Ta is the air temperature (®C), D2 is the value of 
Tc-Ta, predicted fi'om the non-water-stressed baseline equation, and D1 is the maximum value 
ofTc-Ta. 
We implemented a series of leaf temperature measurements to establish baseline 
equations for our situation, as suggested by Gardner et al. (1992b) and took the intercept of 
the regression line as the value of DI. 
1.5.4. Stomatal conductance 
Stomatal conductance (mmol cm'^  s~^) was measured on the same plants identified for 
growth and development monitoring each sunny day between 1200 and 1300 H local solar 
time with a LI-1600 steady-state porometer (^LICOR, Inc., Lincoln, NE). Measurements were 
performed on the abaxial side of one fiilly expanded and fiilly exposed to sunlight leaf by 
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insertiiig it into the porometer chamber for about 45 seconds. The readings of leaf 
temperature and stomatal conductance (resistance) were recorded manually. 
the LI-1600 porometer, measurements consist in enclosing the leaf in the 
porometer chamber and letting a flow of dry air compensate transpiration by keeping relative 
humidity (RH) constant at a predefined value (LICOR, 1982; McDermitt, 1990). The 
instnunent is equipped with an internal magnetic air flow controller for semi-automatic 
humidity null and a ventilation system to keep the cuvette temperature close to ambient. Leaf 
stomatal conductance (resistance) is computed fi'om the measured dry air flow rate, chamber 
vapor pressure, leaf saturation vapor pressure, and leaf area. 
The volumetric flow rate F (cm^ s"') is expressed as follows (LICOR, 1982); 
F =(Tc„v / 273.15 + 1)* (101.3/P)*M 
where Tcnv (°C) is the cuvette temperature, P (kPa) is the absolute atmospheric pressure in the 
cuvette, and M (cm^ s'*) is the mass flow rate of dry air, as measured by the instrument, 
referenced to standard conditions of 101.3 kPa and 0 C. 
Stomatal resistance (Rs, s cm'') is determined fi'om the equation 
Rs = A/F •(pi - pc) / (pc - pa) - Rb 
where A (cm^) is the area of the leaf sample (2 cm^ when the broadleaf aperture is used), pi 
((ig cm*") is the water vapor density in the leaf (assumed to be the saturated vapor pressure at 
Tleaf), pc (tig cm'^ ) is the vapor density in the cuvette (equivalent to the product of saturation 
vapor density at Tcov and relative humidity RH/100), pa (^ig cm'^ ) is the vapor density of the 
dry air stream entering the cuvette (a constant RH=2% is assumed), and Rb (s cm"') is the 
boundary layer resistance (assumed equal to 0.15 s cm"' when the broadleaf aperture is used). 
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Stomatal conductance Cs (cm s'*) is deduced by taking the inverse of Rs. McDermitt 
(1990) warned that conductance in velocity units depends more on environmental conditions 
(temperature and atmospheric pressure) than conductance in mole units (Cm, mol cm'^  s''). 
For that reason, he recommended the use of mole units whenever possible. To convert 
velocity units mto mole units, he suggested the following relationship: 
Cm = Cs*P/(R*T,), 
where P (Pa) is the barometric pressure, R, the ideal gas constant (8.314 m3 Pa mol*' K*'), 
and Ti (K), leaf temperature. 
Stomata react rapidly to changes in light intensity, CO2 concentration, and air 
humidity. Therefore, some precautions are necessary in order to keep the microenvironment 
of the leaf undisturbed (Ansley et al. 1994). It is assumed that accurate values can be obtained 
if measurernems are made within a minute or so (McDermitt, 1990). Physiomorphological 
characteristics such as the partitioning of stomata between the two sides of the leaf and leaf 
age may also influence measurement results (Turner, 1991). To account for the latter with 
maize, Rochette et al. (1991) suggested to take measurements on three leaves selected at 
three different levels of the canopy (the lower 25%, the middle 50% and the top 25%). 
Bennett et al. (1986) pointed out that transpiration estimated from LI-1600 stomatal 
resistance measurements could be overestimated because of imposed low boundary layer 




Sap flow measurements were implemented ailer the lower intemodes of the plants 
were long enough to receive the stem flow gauges 'SGB-19 ('DYNAMAX inc., Houston, 
TX). The gauges were installed on four replications of stressed and non-stressed plants of the 
CIBA Bt and non-Bt plant types. Sixteen gauges were connected to a Flow32 system 
(Dynamax inc.) composed of two multiplexers *AM416 (Campbell Scientific Corp., Logan, 
UT) to which were connected the wire leads of 8 gauges each. The multiplexers were 
themselves connected to a CRIO data logger (Campbell Scientific Corp., Logan, UT) fi'om 
which the data were collected periodically using a laptop computer. The eight gauges per 
multiplexer were connected to 12 voh batteries through muhi voltage regulators AVRDC 
(Dynamax inc.) that maintained a constant power supply of 4.5 V. The data logger scanned 
the gauges every 30 seconds, computed and stored the average readings every 30 minutes. 
The heat balance method determines sap flow by measuring the components of the 
energy balance into and out of a heated stem segment. The gauge, which is attached around 
the stem segment, measures along with the amount of heat produced (Pin), the radial (Qr) and 
vertical (Qv) components of heat flux (Sakuratani, 1981; Baker and Van Bavel, 1987). 
Convective heat loss through sap flow ((^ is calculated as the residual in the stem energy 
balance; 
Qf = Pin - Qr - Qv 
Sap heat is converted to mass flow rate (F) by dividing Qf by the heat capacity of 
water (Cw) and the temperature increase (6T) of the sap; 
F = Qf/(Cw*5T)(gs-l) 
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Qv is determined by applying Fourier's law as follows (Baker and Van BaveL, 1987); 
Qv = kst *A *(dT/dx), 
where kst is the thermal conductivity of the stem tissue (W/m K), A is the cross-sectional 
area of the stem (m^), and dT/dx is the temperature gradient (K/m). 
The temperature gradient is determined by two pairs of thermojunctions located one 
above and the other below the heater at a predetermined distance (dx). A mean value of stem 
tissue thermal conductivity (kst = 0.54 W/m K) has been established for various herbaceous 
species (Sakuratani, 1984). The radial component of heat flux (Qr) is related to the voltage 
output (E) of a thermopile located between the heater and the foam insulation of the gauge. 
Qr = Ksh»E, 
where Ksh is the conductivity of the insulation surrounding the heater. Ksh varies with each 
particular installation, so it is determined from the energy balance equation under the 
assumption of a zero convective flux (Qf). This condition is likely to be met during early 
morning hours (around 5.00 am) or during rain (Baker and Van BaveL, 1987). 
For the correct operation of the gauges, some constant values need to be entered into 
the data logger. Heater resistance (ohms), which is specific to each gauge, thermocouple gap 
(dx) and stem tissue thermal conductivity (kst) were supplied by the manufacturer. Stem 
diameter was measured on each plant before installing the gauges. The thermal conductivity 
(Ksh) of the gauges, which changes with each new installation, was determined first by 
entering a constant value of 0.8. After two days of operation, the average predawn value was 
calculated and reentered into the data logger. This procedure was repeated every week or 
after each cleaning operation. 
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The gauge readings were expressed in grams of sap per hour. To translate these units 
into transpiration (T) in mm per day, the 30 minute readings were first converted into kg/day, 
and then normalized on leaf area basis. For that purpose. Ham et al. (1990), and later 
Soegaard and Boegh (1995) used the following formula that takes into account the total leaf 
area of the plant being measured and leaf area index (LAI). 
T = LAI • ^ ( / = /, 2,.... w), 
n 
where/ is the sap flow readings (g h'^ ) and Xb the total leaf area (mm^) of individual plants, 
and n, the nimiber of plants measured. 
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CHAPTER n. GROWTH, DEVELOPMENT AND YIELD OF Bt AND NON-Bt 
CORN PLANTS SUBJECTED TO SOIL WATER DEFICIT 
A paper to be submitted to Agronomy Journal 
Seydou B. Traore, Richard E. Carison, Clinton D. Mcher, and Marlin E. Rice 
Abstract 
A study was conducted at the Iowa State University Hinds Irrigation Farm, Ames, lA 
during the summers of 1997 and 1998. It compared the Bt and non-Bt versions of two maize 
hybrids obtained from the CIBA and Northrup BCing (NK) seed companies. The maize plants 
were subjected to soil water deficit at different periods of development. They were grown in 
buried, one meter deep, containers to prevent their root system from exploiting water from the 
surrounding soil while exposing them to natural field conditions. The soil in the containers 
was a Nicollet loam (Aquic Hapludoll). A rainout shelter protected the plots from the 
interruption of water deficit by rainfall. Water deficit during the vegetative period delayed leaf 
appearance and tasseling, reduced leaf area and plant height, but did not affect total leaf 
number. Thermal time requirement per leaf was different from one year to another. This was 
attributed to the interactive effect of photoperiod and cool temperatures on the rate of leaf 
appearance. Grain and biomass yields, as well as kernel number per ear were significantly 
reduced by water deficit. The lowest grain yields were observed with stress treatments 
imposed around tasseling. Biomass yield was lowest with vegetative period stress, but there 
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was also a qgnificant reduction when stress was imposed during the reproductive period. Bt 
plants had higher grain and biomass yields than their non-Bt counterparts. Infestation with 
com borer larvae did not resuk in any significant difference in stalk tuimeling among water 
deficit treatments. Bt plants had less tunneling by the second generation larvae than non-Bt 
plants, and NK plant types, whether Bt or non-Bt, had less tuimeling than their CIB A 
counterparts. 
2.1. Introduction 
Agricultural crops grow and develop under varying environmental conditions that 
affect their productivity. These include soil moisture and nutrient status, weather and pests. 
The effect of water deficit on maize growth and development has been studied extensively. 
The results indicate that water deficit occurring during the vegetative period (before tasseling) 
can result in shorter plants and smaller leaf area (Denmead and Shaw, 1960; NeSmith and 
Ritchie, 1992; Abrecht and Carberry, 1993), decreased water use due to the reduction in plant 
size (Robins and Domingo, 1953), decreased vegetative dry matter (Claassen and Shaw, 
1970a) and delayed leaf tip emergence, tassel emergence, silking, and onset of grain filling 
(NeSmith and Ritchie, 1992; Abrecht and Carberry, 1993). Water deficit during the 
reproductive period (after tasseling) can increase the interval fi'om silking to pollen shed 
(Herrero and Johnson, 1981), and shorten the grain filling period (Westgate, 1994). 
Accurate prediction of a crop's development stages is very important, particularly 
when it is subjected to some degree of water deficit. Models that combine theory and results 
fi'om field experiments have been used for this purpose. Th^ constitute a valuable tool in 
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evaluating the behavior of a crop under real and hypothetical environmental conditions. 
Outputs of such prediction models can help in management decisions made at the farm level as 
well as in long term planning at national and/or r^onal levels. They need however to be 
checked against observed data to make sure th^ reasonably estimate reality. 
Several researchers came to the conclusion that air temperature was the most 
significant predictor of plant development, although factors such as light, nutrients and water 
may have some influence (Nanda et al., 1984, Baker et al. 1984.) Thresholds of cumulated 
temperatures above a given base temperature have been widely used to predict crop growth 
stages. After reviewing the various methods of predicting cereal crop phenology, Shaykewich 
(1995) found that the phenological model used in CERES-Maize was the most 
comprehensive. More recently, Stewart et al. (1998) proposed the general temperature index 
(GTI) method of calculating thermal time. This new method uses a cubic polynomial function 
instead of a linear one to relate development rate and temperature, ther^y avoiding the 
temperature thresholds characteristic of the previous methods. 
There is also a large amount of literature on the effect of water deficit on different 
maize yield components. The numerous studies indicate that grain yield can be drastically 
reduced as a result of water deficit occurring during the reproductive period (Robins and 
Domingo, 1953; Denmead and Shaw, 1960; Harder et al., 1982; Bennett et al., 1989). This 
grain yield reduction has been attributed to reduced kernel number and/or kernel weight 
(Claassen and Shaw, 1970b; Harder et al., 1982; Grant et al., 1989). Abrecht and Carberry 
(1993) mentioned however that non-lethal water deficit at the b^inning of the season did not 
significantly affect grain yield and the number of kernels per plant. Sinclair et al. (1990) 
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attributed the greater sensitivity of grain yield to water deficit at anthesis to this stage being 
also the period of maximum biomass accumulation and water use. They demonstrated that 
grain yield was correlated with biomass yield over a wide range of environments and irrigation 
regimes. 
The objectives of this work are; 1) to report on growth and development 
measurements realized on a study comparing Bt and non-Bt com plants subjected to soil 
water deficit and how they relate to thermal time, and 2) to analyze the effect of soil water 
deficit on the yield components of the two plant types. 
2.2. Materials and Methods 
The study was conducted at the Iowa State Utiiversity (finds Irrigation Farm, Ames, lA 
during the summers of 1997 and 1998. The experimental plots were one meter deep, 123 liter 
plastic containers filled with soil and buried. The soil in the containers was collected fi'om the 
0.15m upper layer of a Nicollet loam (Aquic Hapludoll). Growing maize plants in buried 
containers prevented their root system firom exploiting water firom the surrounding soil, while 
exposing them to natural field conditions. A rainout shelter protected the plots firom the 
interruption of water deficit by rainfall. Irrigation was scheduled so that the plants experienced 
water deficit three to four days before the peak egg hatch of the first and second com borer 
generations. Water deficit was also imposed during other critical periods to get a total number 
of twenty four treatments replicated four times. They consisted of five periods of water deficit 
imposition and a control and four types of maize plants. The four plant types were the Bt and 
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non-Bt versions of two hybrids obtained one from 'CIBA (Ciyl Ab, event 176) and 'Nortimip 
King (NK) (Cryl Ab, event MON810) seed companies. The treatments were arranged in a 
randomized complete block design in split plots, with water deficit treatments as main plots 
and plant types as subplots. The description of the treatments and other details of the 
experimental procedures were outlined in Chapter 1. 
Growth and development were monitored following Ritchie et al. (1993). The 
monitoring consisted mainly in marking the dates of appearance of each leaf collar and the 
dates when each leaf was more than 50% senescent. Observations of tasseling and silking 
were made on experimental plants, but maturation stages were observed on five bord^ plants 
every other day. The length and fnayimuni width of each leaf were measured after fiill 
expansion to estimate leaf area by the Mckee (1964) method. Leaf area index (LAI) was 
obtained by multiplying the total leaf area by plant density. Crop height was measured 
approximately every ten days by stretching a measuring tape from the soil surface to the collar 
of the top most fiiUy developed lea^ or the base of the tassel. Due to time and labor 
constraints, some of these observations were limited to the Bt and non-Bt versions of the 
CIBA hybrid, and to first and second generation water deficit treatments (MSI and MS2) and 
the controls (MS3). Yield components (grain and biomass yield, number of kernels per ear 
and weight of 100 kernels) and com borer tunneling were measured on all treatments at 
harvest. 
Development rate was related to thermal time computed by the CERES-Maize and 
GTI methods. The CERES-Maize method, initially proposed by Jones and Kiniiy (1986), 
' Mention of trade names does not impfy endoisement by the authors. 
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assumes that development is a linear function of temperature in the interval between a base 
temperature and an upper threshold temperature, and that no development occurs when 
temperature is beyond those limits. Ritchie and NeSmith (1991) found that the 10 °C base 
temperature frequently used for maize was too high, and recommended 8 °C instead. In 
addition, the CERES-Maize method uses a high temperature cutoffbetween 34 and 44 °C. 
Daily thermal time (DTT) values are decreased lineariy from their normal value at 34 °C to 
zero at 44 °C. If temperature is lower than 8 °C or greater than 34 °C, an interpolation 
fimction is used to estimate air temperature at eight intervals between daily maximum and 
minimi im temperatures. More detailed descriptions of these procedures were given by Jones 
and Kiniry (1986) and Hodges and Evans (1992). 
The GTI method proposed by Stewart et al. (1998) uses the following cubic 
polynomial temperature function; 
Ft = Bo + BiT^a •*" BzT^a 
where Ta is the average daily temperature and Bo, Bi and B2 are empirical coefficients. The 
authors established values of Bo = 0, Bx = 0.043177, and B2 = -0.000894 for the planting to 
silking period of 28 maize hybrids grown at 19 locations in northern USA and southern 
Canada. 





where A/ is the time step in days and n is the number of days in the period of summation 
(planting to silking, or silking to maturity) (Stewart et al., 1998). 
The plants were artificially infested with newly-hatched com borer larvae 
(approximately SO per plant) placed inside maize leaf sheaths after systematically removing all 
naturally deposited egg masses. This was done during both European com borer generations 
after determining the dates of peak egg laying by observations in nature. At harvest, the stalk 
of each plant was split longitudinally, the length of individual tunnels measured, and the total 
tunneling calculated by summing each. Tunneling by first generation larvae was difterentiated 
fi'om that by second generation ones based on the darker color of the former. 
Maize grain yield was calculated based on the adjustment to a grain moisture content 
of IS.5%. Leaves and stalks were harvested separately, and biomass yield was determined by 
adding grain yield at IS.S % moisture and the oven dried weights of leaves and stalks. 
IJi. Results and Discussion 
2.3.1. Leaf appearance 
Water deficit during the vegetative period resuhed in a delay in leaf appearance (Table 
2.1, Fig. 2.1). In 1997, the difference among stressed and non-stressed plants was observed 
starting with the 10th leaf until the 1 Sth leaf. There was no effect of water deficit on the 
appearance dates of the 16th to 19th leaves. In 1998, the difference was observed fi-om leaf 12 
through 19. These results agree with the observations of Muchow and Carbeny (1989), 
NeSmith and Ritchie (1992) and Abrecht and Carbeny (1993), who indicated that soil water 
deficit caused a delay in maize vegetative development. 
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Table 2.1. Dates of maize leaf appearance for the three water deficit treatments in 1997 and 
1998. ISU (finds Irrigation Farm, Ames, lA. 
1997 1998 
Leaf# MSI MS2 MS3 MSI MS2 MS3 
2 29-May 28-May 29-M  ^ 29-May 28-May 27-May 
3 5-Jtin 4-Jun 4-Jun 6-Jun 3-Jun 4-Jun 
4 9-Jun 9-Jun 9-Juii 14-Jun 12-Jun 13-Jun 
5 13-Jiin I3-Jun 12-Jun 19-Juii 18-Jun 19-jun 
6 17-Jun 16-Jiiii 16-Juii 24-Jim 22-Jun 23-Jun 
7 21-Jtin 20-Jiin 20-Jun 27-Jun 25-Jun 27-Jun 
8 25-Jiiii 23-Jun 23-Jiin 30-Jun 29-Jun 30-Jun 
9 29-Jiin 26-Jiin 26-Jun 4-Jul 2-Jul 3-Jul 
10 3-Jul 29-Jun 29-Juii 8-Jal 5-Jul 7-JuI 
11 8-Jal 2-Jul 2.Jul 12-Jul 8-Jul 10-Jul 
12 10-Jul 6-JuI 5-Jul 15-Jul 10-Jul 12-Jul 
13 13-Jul 9-Jul 9-Jul 16-Jul 12-Jul 14-Jul 
14 14-Jai lO-Jul ll-Jul 18-Jul 14-Jul 15-Jul 
15 15-Jul 12-Jul 13-Jul 19-Jul 16-Jul 17-Jul 
16 16-Jal 14-Jul 14-JiiI 21-Jul 18-Jul 19-Jul 
17 18-Jul 16-Jul 16-Jul 22-Jul 20-Jul 20-Jul 
18 19-Jul 18-Jtil 18-Jul 23-Jul 20-JuI 20-Jul 
19 20-Jul I9-M 19-Jul 23-Jul 21-Jul 21-Jul 
Tasseling 20-M 19-M 19-Jul 23-Jul 20-Jul 20-Jul 
SiOdng 23-Jul 20-JuI 21-Jul 23-Jul 20-Jul 21-Jul 
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Fig. 2.1: E£fect of soil water deficit on maize leaf appearance rate in 1997 (a) and 1998 (b). 
ISU Ifinds Irrigation Farm, Ames, lA. 
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£>unng both years, there was no significant effect of water deficit or plant type (Bt or 
non-Bt) on total leaf number, in accordance with the results of Bennett et al. (1989), 
Muchow and Carberry (1989), and Abrecht and Carberry (1993). 
The relationship between leaf number and accumulated thermal time after emergence 
was not linear in both years. The slope became steeper (fewer degree-days required per leaC 
Fig. 2.1) after the 10th leaf stage. Warrington and Kanemasu (1983) observed a difference in 
maize leaf appearance rate before and after the 12th leaf. These authors, as well as Ritchie and 
NeSmith (1991) attributed this change in leaf appearance rate to the rapid stem elongation at 
that stage and the smaller size of the upper leaves that could deploy more rapidly. Muchow 
and Carberry (1989) did the same observation on a tropically adapted maize hybrid in 
Australia. They proposed two separate regression lines or a single curvilinear equation to 
relate leaf ^pearance rate to thermal time. 
Thermal time requirement per leaf was different fi'om one year to another for both 
stressed and non stressed plants, with leaves appearing in 1997 at a faster rate than in 1998 
(Fig. 2.2a). The duration of the period fi'om emergence to tasseling was 59 days (683 degree-
days) in 1997 and 63 days (758 degree-days) in 1998. A difference of fiaur days in the 
prediction of the date of tassel emergence is very significant, particularly near tasseling when 
up to 8% of grain yield can be lost per day of soil water deficit (Shaw, 1988). Hodges and 
Evans (1992) also observed year to year variations in leaf thermal time requirements. They 
suggested several reasons for this difference, including the accuracy of the thermal time 
algorithm, the influence of daylength on thermal time requirements, the difference in soil 
temperatures before tassel mitiation, or other unknown fiictors. Ritchie and NeSmith (1991) 
a) 
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Fig. 2.2: Relationship between maize leaf appearance rate and thermal time after emergence 
(a) CERES-Maize method and (b) GTI method . ISU ICnds Irrigation Farm, Ames, lA. 
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gave several possible source of error in thermal time calculations, among which the recording 
time of maximum and minimum temperatures using liquid-in-glass thermometers, and the 
stronger dependence of maize development on soil, rather than air temperature at the early 
stages. 
Using the recently proposed GTI index could not eliminate the difference between the 
two years when relating leaf appearance rate to thermal time (Fig. 2.2b). Warrington and 
Kanemasu (1983), Whisler et al. (1986), and Kiniry (1991) indicated that temperature and 
photoperiod may interact to cause different development rates under different circumstances. 
The first authors found that leaf appearance rate could increase up to 20% under a 18/18 °C 
day to night temperature regime when photoperiod was increased fi-om 12 to 16 hours. Kiniry 
(1991) also indicated that high temperatures during the photoperiod-dependent phase of maize 
development could lead to increased total leaf number and delayed silking. The effect of 
photoperiod on maize has usually been presented as causing delay in leaf appearance or tassel 
emergence when daylength is above a critical threshold (Kiniry et al., 1983; Jones and Kiniry, 
1986, Kiniry, 1991; Ritchie et al. 1998). The average daylengths from emergence to tassel 
initiation (5th leaf stage according to Ritchie et al., 1993) in our study was 15 hours for both 
years, and the average temperatures for this period were 16.3®C in 1997 and 18.4®C 1998. 
Ritchie and NeSmith (1991) also indicated that temperatures below 14°C caused an increase 
in maize leaf number. They underlined the need for further research in this area, because of the 
strong relationship between total leaf number and duration of vegetative period. 
Another possible explanation could be the acclimation hypothesis suggested by Kirby 
(1995), who observed an accelerated leaf appearance rate on wheat and barley plants 
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subjected to low temperatures early in their development. Birch et al. (1998) did similar 
observations on maize, and found that 76% of the variation of the phyHochron (thermal time 
between two successive leaf tips) was aq)lained by the average temperature from emergence 
to tassel initiation. One can therefore attribute the higher leaf appearance rate in 1997 to the 
interaction of photoperiod with cool temperatures. 
Hodges and Evans (1992) underlined the importance of accurate estimation of leaf 
appearance rate, since this determines the overall leaf area and rate of canopy expansion. They 
recommended a modification in the CERES-Maize algorithm to include possible efifects of 
extreme temperatures, daylength and genetic Actors. The increase in leaf appearance rate due 
to the combined effect of long photoperiods and cool temperatures, as observed in this study 
and earlier by Warrington and Kanemasu (1983) and Birch et al. (1998), to our knowledge, 
has not been accounted for in models simulating maize development. This could therefore be 
an improvement in algorithms that predict maize leaf appearance rate in those models. 
2.3.2. Reproductive phases 
The first generation water deficit caused a delay in tasseling by 3 days in 1998 
(p=0.014), but did not have a significant effect in 1997 (p = 0.38) (Table 2.1). There was no 
effect of the second generation stress since this treatment was imposed after the end of the 
vegetative period. Bt and non-Bt plants did not have different tasseling or silking dates in 
either of the years. The average dates of tasseling were 20 July and 19 July in 1997 and 23 
July and 20 July in 1998 for stressed and non-stressed plants, respectively. Silking occurred 
the same day or one day after tasseling for both years and for all treatments (Table 2.1). 
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2.3.3. Leaf carea development 
Plants stressed during the first com borer generation had significantly lower leaf areas 
than their non-stressed counterparts starting with leaf 11 through leaf 19 in 1997 and leaf 14 
through 18 in 1998 (Fig. 2.3). This agrees with the results of NeSmith and Ritchie (1992) and 
Fortin and Edwards (1995), who found that wato* deficit during the vegetative period caused 
slow leaf development and decreased leaf area e^ansion. As with leaf appearance rate, there 
was no difference in leaf area among the second generation stressed and the control plants. No 
significant dtfiference was found also between the Bt and non-Bt plant types (p > 0.05). 
Leaves with the Tnayimnm area were leaf 14 in 1997 (713 cm^) and leaf 12 and 13 in 
1998 (789 cm^ ) for non-stressed plants. Also, the leaves with the greatest area were bigger in 
1998 than in 1997 for stressed and non stressed plants (Fig. 2.4). Hodges and Evans (1992) 
indicated that leaf appearance rate can influence the overall leaf area and rate of canopy 
expansion. As we showed in the previous section, leaf appearance rate was slower in 1998 
than in 1997. This means that in 1998, each leaf had more time to develop and expressed a 
greater area than those of 1997 that developed at a faster rate. However, leaves 15 through 19 
of non-stressed plants were bigger in 1997 than in 1998 (Fig. 2.4b). Those later leaves may 
have developed more to compensate for the lack of fiill development of the eariier ones. As a 
result, the final total leaf area of non-stressed plants was not dififerent firom one year to 
another (Fig. 2.5a). 
Fig. 2.5 shows that for total leaf area and therefore leaf area index, there was a 
difference among stressed and non-stressed plants not only within years, but also stressed 
plants in 1997 had smaller total leaf area than those of 1998. This resulted in a higher average 
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Fig. 2.3; Effect of water deficit on the area of individual maize leaves a) 1997 and b) 1998. 





























Fig. 2.4: Area of individual maize leaves in 1997 and 1998 for a) stressed and b) non-stressed 






First stress 97 
Cantn>i1987 
- - H First stress 98 
—O Control 19S8 
+-
GOQO -
o SOOO  ^
< 3CQ0 ^ 
2000 -1 
1000 4 




First stress 97 
Control 1997 








0 100 200 GOO 300 500 TOO 400 800 900 
I THERMAL TIME AFTER EMERGENCE 
i ! I 
Fig. 2.5; Evolutioa of cumulated leaf area (a) and leaf area index (b) of stressed and non-
stressed maize plants in 1997 and 1998. ISU Hinds Irrigation Farm, Ames, lA. 
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leaf area index in 1998 at the time of sap flow measurements after the removal of leaves 8 to 9 
on plants to accommodate sap flow gauges (2.5 in 1997 and 2.7 in 1998). The abrupt decline 
in leaf area index is due to the removal of lower leaves to install the sap flow gauges. The 
observed differences underiine the need for establishing different curves for the evolution of 
total leaf area or leaf area index if one wants to model these plant characteristics based on 
their relationship with thermal time. 
2.3.4. Crop height 
First generation water deficit significantly reduced crop height only for a short period 
in 1997 when measurements were made on 09 July (p = 0.001)- In 1998 however, the effect 
lasted longer, with the first generation stressed plant remaining significantly shorter than the 
non-stressed plants fi"om 12 July to 22 July (p = 0.0007 and 0.0002, respectively) (Fig. 2.6). 
During both years, stressed plants grew faster after the interruption of water deficit, and by 
tasseling, the difference in height between them and the non-stressed plants was no more 
significant (p > 0.05). The final heights were 189 and 195 cm in 1997, and 171 and 199 cm in 
1998 for stressed and non-stressed plants, respectively. Gavloski et al. (1992) also observed a 
decrease in plant height following the withdrawal of water firom one or more sections of the 
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Fig. 2.6: Evolution of maize plants' height in 1997 (a) and 1998 (b). ISU Hinds Irrigation 
Farm. Ames, lA. 
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2.3.5. Yield components 
The results of the analysis of variance for all the yield components are given in 
Appendix 6. Water deficit significantly reduced grain (p=0.0(K)3 in 1997, and 0.0001 in 1998) 
and biomass yield (p=0.0001 in 1997, and 1998), and also the number of kernels per ear 
(p=0.0003 in 1997, and 0.0001 in 1998) (Fig. 2.7). The effect on the weight of 100 kernels 
was significant in 1998 only (p=0.06 in 1997, and 0.002 in 1998) (Fig. 2.8). The lowest grain 
yields were observed with treatments MSI and MS5 in 1997 and with treatments MS2 and 
MS5 in 1998. 
Treatments MS2 and MS5 were imposed during periods encompassing or occurring 
immediately after tasseling and silking, phases known to be the most sensitive to water deficit 
regarding grain yield (Robins and Domingo, 1953; Demnead and Shaw, 1960; Claassen and 
Shaw, 1970b; Harder et al., 1982; Bennett et al., 1989, Grant et al., 1989; Sinclair et al. 
1990). The low grain yield of treatment MSI in 1997 could be explained by the reduction of 
total biomass yield. Biomass yield of plams subjected to water deficit during the vegetative 
period was the lowest (MSI, and MS4 in 1997, and MSI in 1998) (Rg. 2.7). There was also a 
significant reduction in biomass when stress was applied during the reproductive period (MS2 
and MS5). Sinclair et al. (1990) found that grain yield was well correlated with biomass yield 
under various urigation regimes, including when water deficit was imposed at anthesis. 
Therefore, water deficit during anthesis can reduce not only grain yield, but also biomass 
yield. Fig. 2.9 illustrates these relationships. They show the existence of a good relationship 
between grain and biomass yields, be it for stressed and non-stressed plants combined (r = 
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Fig. 2.7; Grain and biomass yields of maize plants subjected to soil water deficit during 
various periods of development, a) 1997 b) 1998. ISU Hinds Irrigation Farm. Ames, lA 
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Fig. 2.8; Weight of 100 kernels of maize plants subjected to soil water deficit during various 
periods of development, a) 1997 b) 1998. ISU I£nds Irrigation Farm. Ames, LA. 1998. 
Vertical bars represent the standard errors of treatment means. 
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Fig. 2.9; Relationship between maize grain yield and total biomass in 1997 and 1998. a) all 
treatments, b) non-stressed treatments. ISU Mnds Irrigation Farm. Ames, lA. 
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Harvest index was affected by water deficit only when it was imposed during anthesis. 
Its value was 0.59 in 1997 and 0.53 in 1998 for non-stressed plants. However, with plants 
stressed at or after tasseling, it was as low as 0.31 in 1997 and 0.28 in 1998. The fact that 
harvest index of plants stressed during the vegetative period did not dififer significantly 
fi'om that of non-stressed plants (Fig. 2.10) underlines the dependence of grain yield on total 
biomass, as indicated by Sinclair et al. (1990). 
The difference among plant types was significant for the weight of 100 kernels both in 
1997 and 1998, and for grain yield and harvest index in 1998. The two CIBA plant types had 
significantly higher 100-kemel weights (averages of 30.6 g in 1997 and 32.5 g in 1998) than 
the NK plants (26.2 and 26.6 g, p = 0.0003 and 0.0001). The non-Bt plants of the NK hybrid 
had a significantly lower grain yield in 1998 (5286 kg/ha) compared to the CIBA Bt (6702 
kg/ha), CIBA non-Bt (6436 kg/ha) and NK Bt (6238 kg/ha) plants (p = 0.006). This was also 
the case in 1997, although the differences were not significant then (p = 0.47). The CIBA 
plant types had greater harvest indices than their NK counterparts, although the difference 
was significant only in 1998. Also, Bt plants had always higher grain and biomass yields than 
their non-Bt counterparts, but the differences were significant only for biomass in 1997 (p = 
0.046) and for grain in 1998 (p = 0.046). 
2.3.6. Com borer tunneling 
Infestation with first generation com borer larvae did not result in any significant 
difference in stalk tunneling among water deficit treatments or plant types (p > 0.05). This is 
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Fig. 2.10: Harvest index of maize plants subjected to soil water deficit during various periods 
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a naturally occurring chemical, that is produced by most commercial maize hybrids and allows 
them to resist first generation com borer attacks (Pedigo, 1996). 
There was also no effect of water deficit on the second generation com borer 
tunneling, and the interaction with plant type was not significant both in 1997 and 1998 
(Appendix 7). Plant types did differ however in the amount of tunneling (p = 0.0001 in 1997 
and 0.001 in 1998), with Bt plants affected the least. NK plants, whether Bt or non-Bt, had 
significantly less tunneling than their CIBA counterparts (p = 0.005 in 1997 and 0.008 in 
1998, Fig. 2.11). 
2.4. Conclusioiis 
The results of the two year study show that water deficit during the vegetative period 
resulted in a delay in leaf q)pearance for both Bt and non-Bt plant types. There was no 
significant effect of water deficit or plant type (Bt or non-Bt) on total leaf number. The 
relationship between leaf number and cumulated thermal time after emergence was not linear, 
as the slope became steeper after the 10 leaf stage. 
Thermal time requirement per leaf was different fi'om one year to another for stressed 
and non-stressed plants, with leaves appearing in 1997 at a faster rate than in 1998. This was 
attributed to the interactive effect of photoperiod and cool temperatures on the rate of leaf 
appearance in 1997. It was suggested that accounting for this interactive effect of cool 
temperatures with photoperiod could be an improvement in algorithms predicting maize leaf 
appearance rate, particulariy for locations where daily average temperatures may go below 18 
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Fig. 2.11: European com borer tunneling on maize plants subjected to soil water deficit during 
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The first generation water d^cit caused a delay in tasseling by 3 days in 1998, but did 
not have a CTgnifirant efifect in 1997. Bt and non-Bt plants did not have different tasseling or 
silking dates during the two years. Plants stressed during this period had significantly lower 
leaf areas than the non-stressed ones. Also, the leaves with the largest area were bigger in 
1998 than in 1997 for stressed and non stressed plants, due probably to the slower leaf 
appearance rate in 1998. Final total leaf area (and therefore leaf area index) of non-stressed 
plants was not different between years. However, stressed plants in 1997 had smaller total leaf 
area than those of 1998, resulting in a higher average leaf area index in 1998 at the time of sap 
flow measurements. The first generation water deficit also significantly reduced crop height 
for a short period in 1997, but this effect lasted longer in 1998. During both years, stressed 
plants grew faster after the interruption of water d^cit and by tasseling, the difference in 
height between them and non-stressed plants was no more significant. 
Water deficit significantly reduced grain and biomass yields, and kernel number per ear 
during both years. The reduction of the weight of 100 kernels was significant in 1998 only. 
The lowest grain yields were observed with treatments imposed during periods encompassing 
or immediately following tasseling, a period known to be the most sensitive to water deficit 
regarding grain yield. Biomass yield was lowest with plants subjected to water deficit during 
the vegetative period, but there was also a significant reduction when stress was ^plied 
during the reproductive period. 
The difference among plant types was significant for the weight of 100 kernels both in 
1997 and 1998, and also for grain yield and harvest index in 1998. The two CIBA plant types 
had significantly greater kernel weights than the NK plants. Non-Bt NK plants had a lower 
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grain yield in 1998 compared to CIBA Bt, CIBA non-Bt and NK Bt The CIBA plants had 
also higher harvest indices than their NK counterparts. Both Bt plant types always had higher 
grain and biomass yields than their non-Bt counterparts. 
Infestation with first generation com borer larvae did not result in any significant 
difference in stalk tunneling among water d^cit treatments or plant types (Bt or non-Bt). 
There was also no effect of water deficit on the second generation com borer tunneling, and 
the interaction with plant type was not significant. Plant types did differ however in the 
amount of tunneling, with Bt plants affected the least. NK plants, whether Bt or non-Bt, had 
always the least tunneling. 
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CHAPTER in. WATER RELATIONS OF Bt AND NON-Bt CORN SUBJECTED TO 
WATER DEFICIT 
A paper to be submitted to Agronomy Journal 
Seydou B. Traore, Richard E. Carlson, Clinton D. Pilcher, and Marlin E. Rice 
Abstract 
A study was conducted at the Iowa State University Hinds Irrigation Farm, Ames, lA 
during the summers of 1997 and 1998. Its objective was to determine the water relations of Bt 
and non-Bt com plants subjected to soil moisture deficit during the peak egg hatch of the first 
and second generations of European com borer. Maize plants were grown in buried, one 
meter deep, containers to prevent their root system fi'om exploiting water fi-om the 
surrounding soil, while exposing them to natural field conditions. The soil in the containers 
was a Nicollet loam (Aquic HapludoU). A rainout shelter protected the plots fi'om the 
intermption of water deficit by rainfall. Leaf temperature, stomatal conductance and sap flow 
were used as indicators of both water deficit and com borer damage. Significant differences 
were observed among stressed and non-stressed plants using these indicators of plant water 
status, but not among Bt and non-Bt plants. Imposition of water deficit did not result in any 
significant difference in stalk tunneling by the first, nor the second generation com borer 
larvae. Non-Bt plants had greater tunneling during both years, but the difference with Bt 
plants was not significant. It was concluded that the introduction of the Bt gene into maize 
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plants for a better resistance to European com borer did not afifect their water relations. 
Transpiration of non-stressed plants measured by the sap flow method was well correlated 
with Penman potential evapotranspiration, suggesting that this technique is more suitable than 
porometry and infrared thermometry for plant transpiration measurements under varying 
environmental conditions. A stress hidec was derived from transpiration measured 15 to 18 
days after silking which be used as a simple yield forecasting tool by decision makers. 
3.1. Introduction 
Water is one of the most important resources for agricultural crops, but its availability 
is limited in many areas of the worid. Boyer (1995) indicated that a maize {Zea mays, L.) plant 
needs 20 000 to 50 000 g of water to reach the tasseling stage. Furthermore, Hsiao (1990a) 
indicated that 99% of the water taken up by plants is lost the same day through transpiration. 
Transpiration occurs when stomata are open and atmospheric carbon dioxide (CO2) is 
absorbed by plant leaves for photosynthesis. It is governed by both internal and external 
factors to the plant, the most important of which are water supply and atmospheric demand 
(Campbell and Stockle, 1993). It is therefore important to assess how much water is 
transpired by a given crop and to determine how different cultivars of the same species react 
to changes in soil moisture and/or atmospheric demand. 
European com borer, Ostrmia nubilalis (Hubner), causes important economic losses 
in the USA. Mason et al. (1996) indicated that it damages maize leaves and conductive tissues 
and as a result, infested plants have poor ear development. Also, Godfrey et al. (1992) 
observed that the water relations of maize plants injured by this pest were similar to those of 
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plants experiencing drought stress. Therefore, the amount of water transpired by a maize plant 
could be an indicator of both soil water deficit and resistance to com borer infestation. 
Since 1996, several seed companies have conmierdalized new transgenic maize 
hybrids that are resistant to European com borer. Those new hybrids, commonly knoAvn as Bt 
com, have been genetically engineered to incorporate genes of Bacilbis thuringiensis (Bt), a 
soil bacterium causing diseases in many insect species (Koziel et al., 1993; Armstrong et al., 
1995). High concentrations of the Bt toxin in leaves, sheath and collar where the young larvae 
initially feed, are effective against both first and second generations of com borer larvae. The 
effect of water deficit on Bt protein levels in the plant tissues, and therefore on the resistance 
to com borer infestation, has not been investigated. 
The objective of this research was to characterize the water relations of Bt and non-Bt 
com plants that were subjected to soil water deficit during the first and second generations of 
European com borer. 
3.2. Materiab and Methods 
The study was conducted at the Iowa State University Hinds Irrigation Farm, Ames, lA 
during the summers of 1997 and 1998. The ^erimental plots were on meter deep 123 liter 
plastic containers filled with soil and buried. The soil in the containers was collected fi'om the 
0.15 m upper layer of a Nicollet loam (Aquic Hapludoll) soil. Growing maize plants in buried 
containers prevented their root system from exploiting water fi'om the surrounding soil, while 
exposing them to natural field conditions. A rainout sheher protected the plots fi'om the 
interruption of water deficit by rainfiill. Irrigation was scheduled so that the plants experienced 
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water deficit three to four days before the peak egg hatch of the first and second com borer 
generations. Six treatments in four repUcates consisted of two periods of water deficit 
imposition and a control and two types of maize plant (Bt and non-Bt) arranged in a 
randomized complete block design in split plots. Water deficit treatments were the main plots 
and plant types, the subplots. The description of the treatments is given in Table 3.1. Other 
details of the experimental procedures were outlined in Chapter 1. 
Table 3.1. Treatment description and imposition dates of water deficit. 
ISU Hinds Irrigation Farm, Ames, lA 1997-1998. 
Treatment Description Imposition dates 
1997 1998 
MSI First com borer generation 20 June - 08 July 27 June - 15 July 
MS2 Second com borer generation 27 July • • 08 Aug. 24 July • • 05 Aug. 
MS3 Control well watered 09 May - 11 Sep 07 May - 07 Sep 
Bt 'CIBA MAXIMIZER 454 09 May - 11 Sep 07 May - 07 Sep 
Non-Bt CIBA 4490 09 May - 11 Sep 07 May - 07 Sep 
Three indicators of plant water status (leaf temperature, stomatal conductance and sap 
flow) were used to compare treatments. Leaf temperature was measured with an infixed 
thermometer ('Telatemp, inc.) every sunny day between 1200 and 1300 H local solar time on 
' Mention of trade names does not inq>ly endorsement the authors 
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each treatment. The instnmient readings were checked against a black body standard before 
and after each series of measurements foDowing the recommendations of Hatfield (1990). A 
constant emissivity value of 0.98 was used throughout the growing season. 
Stomatal conductance (mmol cm'^  s'^ ) was measured with a LI-1600 steady-state 
porometer ('LiCor, Inc., Lincoln, NE) on the same plants immediately after leaf tenqierature. 
Measurements were performed on the abaxial side of the topmost fully expanded leaf which 
was fully exposed to sunlight. The leaf was inserted into the porometer chamber for about 45 
seconds. 
Sap flow measurements were implemented after the lower intemodes of the plants 
were long enough to receive the stem flow gauges SGB-19 ('Dynamax inc., Houston, TX). 
The gauges were installed on four replications of stressed and non-stressed Bt and non-Bt 
plants. The sixteen gauges were connected to a Flow32 system (Dynamax inc.) composed of 
two multiplexers AM416 ('Campbell Scientific Corp., Logan, UT) to which were connected 
the wire leads of 8 gauges each. The multiplexers were themselves connected to a CRIO data 
logger (Campbell Scientific Corp., Logan, UT) fi-om which the data were collected 
periodically using a laptop computer. The eight gauges per multiplier were connected to 12 
volt batteries through muhi voltage regulators AVRDC (Dynamax inc.) that maintained a 
constant power supply of 4.5 V. The data logger scanned the gauges every 30 seconds, 
computed and stored the average readings every 30 minutes. The gauges' readings were 
translated into transpiration (T, mm d'') by normalizing them on leaf area basis following Ham 
et al. (1990): 
T = LAI* = 
n 
72 
where LAI is the leaf area mdex;/, the sap flow readings (g h"'); Xi,, the total leaf area (mm^) 
of individual plants; and n, the number of plants measured. 
In analyzing sap flow data, we considered three different periods; the period after the 
first generation water deficit when data were collected on previously stressed plants (MSI) 
and the controls (MS3), the period during the second generation water deficit (MS2 and 
MS3), and the period after the second generation water deficit (MS2 and MS3). Statistical 
analysis of treatment effects was performed using the GLM procedure of S AS (S AS Institute, 
1989), and differences among treatment means were considered significant at the 0.05 
probability level. 
3.3. Results and Discussions 
3.3.1. Leaf temperature 
Fig. 3.1 and 3.2 represent leaf-air temperature differences plotted over time to account 
for the temperature difference between days. However, the analysis of variance was done with 
leaf temperature values. In 1997, the first generation water deficit started on 20 June and 
continued until 08 July with survival irrigations on 27 June and 01 July. Visible signs of water 
deficit (leaf curling and discoloration) were perceptible starting 23 June and significant 
differences in leaf temperature among stressed and non-stressed plants were observed only 
starting 26 June (p= 0.009). Plants of treatment MSI which were being stressed had 
significantly higher leaf temperatures (p <0.05) than those receiving adequate water supply 
(MS2 and MS3) except on 28 June (p = 0.29), the day following the first survival irrigation. 
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survival irrigations on 31 July and 04 August. During this period, there were significant 
differences among stressed and non-stressed plants starting 31 July. Those difierences 
persisted through the termination of the stress except on 05 August (p = 0.26), the day after 
the second survival irrigation (Fig. 3. lb). For both stress periods, there was no significant leaf 
temperature difference between Bt and non-Bt plant types (p > 0.05). 
In 1998, the first generation water deficit was imposed starting 27 June and lasted until 
15 July, with a survival irrigation on 10 July. Visible signs of water deficit were not 
perceptible until 06 July. From that date to the end of the first generation stress, stressed 
plants had significantly higher leaf temperatures than non-stressed ones (Fig. 3.2a). During the 
second generation stress, in effect fi'om 24 July to 05 August, significant differences among 
stressed and non-stressed plants were observed all the days of leaf temperature measurements 
(Fig. 3.2b). The day of 31 July was however an exception (p = 0.39), probably because of the 
relatively cooler air temperature (daily average of I9''C). As in 1997, there was no significant 
difference in leaf temperatures between Bt and non-Bt plants during both stress periods. Our 
observations of water deficit effect on leaf temperature agree with those of Jackson et al. 
(1981) and Hatfield (1990). These authors pointed out that when a crop experiences water 
deficit, the reduction in transpiration that results is accompanied by an increase in the 
temperature of sunlit leaves. 
During the second generation stress of both years, plants stressed during the first com 
borer generation (MSI) had generally higher but not significantly different leaf temperatures 
than the controls (MS3) although they were receiving the same amount of water. This could 
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uptake, and therefore transpiration and the subsequent leaf cooling. It has been established 
that when roots are exposed to suboptimai temperatures (Mahan et al., 1995) or to water 
logging (Kalita and Kanwar, 1992), they may not be able to extract water from the soil 
and consequently, the plant may suffer from the lack of water. Choudhury (1983) also found 
that a dense rooting system helps decrease the difference between leaf and air temperatures. 
Therefore, two treatments resulting in different rooting densities could differ in leaf 
temperature even if they receive the same amount of water. 
As shown in Fig. 3.1 and 3.2, non-stressed plants had leaf temperatures higher than 
that of air most of the days (Tc-Ta > 0). These days had generally low vapor pressure deficit 
(VPD) values. Several authors, including Idso et al. (1981) who developed the crop water 
stress index (CWSI), pointed out the need for taking humidity conditions into account. 
Furthermore, Gardner et al. (1992b) required a minimum VPD of 2.0 kPa for the successful 
establishment of a non-water-stressed baseline equation for CWSI calculations. The plot of 
Tc-Ta values for well-watered plants against VPD in 1997 and 1998 (Fig.3.3) clearly shows 
the particularly humid conditions and the predominantly positive Tc-Ta values. This makes the 
use of CWSI inappropriate for the conditions of our study. Under such high humidity 
conditions, the reduced evaporative demand prevents leaf cooling usually observed with 
transpiring plants. 
3.3.2. Stomatal conductance 
In 1997, significant differences in stomatal conductance were observed among stressed 
and non-stressed plants from 25 to 28 June (Fig. 3.4a). Ehiring this period, the lowest stomatal 
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conductance was observed on stressed plants on 26 June (98 mmoi cm'^  $*'), whereas non-
stressed plants had between 146 and 325 nimol cm'^  s*'. During the second generation stress, 
measurements were realized on OS, 07 and 08 August and the effect of water deficit was 
significant during all those days (Fig. 3.4b). The lowest stomatal conductance (54 nmiol cm*^ 
s'*) was observed on stressed plants on 07 August. Although stressed plants received 
irrigation early in the morning of 08 August, their conductances were significantly lower than 
those of non-stressed ones (121 and 189 nmiol cm*^ s"', respectively, p = 0.014). 
Measurements after the interruption of the second water deficit on 15 and 16 August did not 
show any significant differences among stress treatments (p = 0.47 and 0.09, respectively). 
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In 1998, significant dififerences were observed among stressed and non-stressed plants 
starting 06 July (Fig. 3.5a). For the stressed plants, it was as low as 85 on 08 July and 56 
mmol cm'^  s"' on 09 July 1998. Stomatal conductance of non-stressed plants stayed above 400 
nunol cm'^  s'' most of the time. During the second generation stress, measurements realized 
on 23 July indicated that the effect of water deficit was not yet perceptible (Fig. 3.5b). 
However, on 26 and 30 July, the stressed plants had significantly lower stomatal conductances 
(100 and 140 mmol cm*^ s'*, respectively) compared to non-stressed plants (279 and 236 
mmol cm'^  s'\ p = 0.015 and 0.025, respectively). After the second generation water deficit, 
measurements on 09 August showed that all the treatments had similar stomatal conductances 
(average 148 mmol cm*^ s"', p = 0.58). Like in 1997, no significant differences were observed 
between Bt and non-Bt plants. 
Stomatal conductance of non-stressed plants did not vary much over time in 1997, but 
in 1998, it was higher early in the vegetative period compared to the period after tasseling 
(averages above 400 mmol cm'^  s*', and 148 mmol cm'^  s'', respectively). Akerson and Krieg 
(1977) mentioned that maize and sorghum leaves maintained high stomatal conductances after 
the vegetative period. However, Farahani and Bausch (1995) indicated that stomatal 
resistance of irrigated maize was higher with older leaves than with younger ones. Beside the 
amount of solar radiation and leaf age, other environmental factors such as wind speed and 
vapor pressure deficit (Gardner et al., 1985; Idso et al., 1987; Idso et al., 1988; Hsiao, 1990; 
McDermitt, 1990; Monteith, 1990; Tumer,1991; Ansl^ et al., 1994) are known to influence 
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influenced stomatal conductance. All these Actors or a combmation of them could explain the 
non-unifbrmity in stomatal conductance observations between years. 
3.3.3. Sap flaw 
3.3.3. J. Diurnal evolution 
Fig. 3.6a and 3.6b represent, respectively, the diurnal evolution of solar radiation and 
that of sap flow measured on Bt com plants on 27 July 1998, when the second stress was in 
effect. The sap flow curve for control plants closely followed that of solar radiation, but for 
stressed plants, this was true only during morning hours. Around midday, the plants were no 
longer able to extract enough water firom the soil to meet the demand. As a result, 
transpiration dropped drastically. Romero (1994) distinguished drought tolerant &om drought 
non-tolerant maize cuhivars by comparing the slopes of their respective sap flow curves from 
0830 to 1100. Similar analyses did not result in any significant distinction between Bt and 
non-Bt plants in our study (data not shown). 
3.3.3.2. Period after the first generation water deficit 
From 19 to 25 July 1997, sap flow measurements were implemented on plants that 
were subjected to first generation water deficit (MSI) and the controls (MS3). By that time 
the stress was already interrupted and all the plants were receiving the same amount of water. 
No significant difference was found among formerly stressed and well-watered plants (Fig. 
3.7a). Also, the difference among Bt and non-Bt plants and the water deficit by plant type 
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Fig. 3.7; Daily transpiration (mm) of formerly stressed and non-stressed maize plants after the 
first generation water deficit, a) 1997, b) 1998. ISU Hinds Irrigation Farm, Ames, lA. Vertical 
bars represent the standard errors of treatment means. 
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for the entire period also did not show a significant difference between the two plant types 
(data not shown). 
In 1998, sap flow data were collected during this period fi"oni 18 to 23 July. Formerly 
stressed plants had significantly lower transpiration rates than the well-watered ones (Fig. 
3.7b). As we showed in chapter two, plants stressed during the first com borer generation had 
significantly lower leaf area than the controls. Since the total leaf area determines the amount 
of water that a plant can transpire, one can expect a small plant to have a lower transpiration 
rate than a big one. No significant difference was found between Bt and non-Bt plants and the 
water deficit by plant type interaction was not significant. 
3.3.3.3. Period during the second generation water deficit 
Starting 27 July 1997, stem flow gauges were removed fi-om the first generation 
stressed plants and connected to those being stressed during the second generation. 
Significant differences in transpiration rates were not observed among stressed and non-
stressed plants until 31 July, 5 days after stress imposition (Fig. 3.8a). During this period, air 
temperature fell from a daily average of 26.3°C on 27 July to 19.1°C on 30 July. There was no 
significant difference between Bt and non-Bt plants and no water deficit by plant type 
interaction. 
In 1998, sap flow data on the second generation stressed plants were collected starting 
25 July. Stressed plants had always significantly lower transpiration rates than non-stressed 
ones, except on 25 July, 02, 04 and 05 August (Fig. 3.8b). On 25 July the effect of water 
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Fig. 3.8. Daily transpiration (nun) of stressed and non-stressed maize plants during the second 
generation water deficit, a) 1997, b) 1998. ISU Hinds Irrigation Farm, Ames, lA. Vertical 
bars represent the standard errors of treatment means. 
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which the rainout sheher was over the plots. Plant type effect (Bt or non-Bt) and its 
interaction with water deficit were not significant. 
3.3.3.4. Period after the second generation water d^ cit 
In 1997, data were coOected during this period fi'om 08 to 25 August. After the 
interruption of the second generation stress, formerly stressed plants of both plant types 
recovered r^idly and there was no significant difference between them and the well-watered 
ones (Fig. 3.9a). There was also no significant effect of the plant type (Bt or non-Bt) or its 
interaction with the water deficit factor. In 1998, the second generation water deficit was 
interrupted on 05 August. For the remaining measurement period, there was no significant 
difference among formerly stressed and non-stressed plants (Fig. 3.9b), and among Bt and 
non-Bt plant types. The interaction of the two factors was also not significant. 
3.3.4. Relationship among indicators of plant water status 
Based on their respective definitions, stomatal conductance and sap flow should be 
directly related, and both of them inversely related to leaf temperature. When we plotted these 
three indicators against each other, the scatter of data points suggested a weak correlation 
between them. This could be due to the great variability in stomatal conductance, as we 
indicated earlier, and leaf temperature measurements (O'Toole and Hatfield, 1983; Hatfield, 
1990; Gardner et al., 1992a, 1992b). As these investigators pointed out, small variations in 
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Fig. 3.9. Daily transpiration (nun) of formerly stressed and non-stressed maize plants after the 
second generation water deficit, a) 1997, b) 1998. ISU Ifinds Irrigation Farm, Ames, lA. 
Vertical bars represent the standard errors of treatment means. 
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Idso et al. (1977), Jackson et al. (1981), and Gardner et al. ( 1992a, 1992b) suggested 
the use of canopy temperature based indices, rather than leaf tenq)erature itself to characterize 
the degree of plant water stress. We have already mentioned that, because of the humid 
conditions during our leaf temperature measurements, it was not appropriate to derive CWSI 
values from them. However, using leaf-air temperature difference (Tc-Ta) allowed us to get a 
better relationship with stomatal conductance. While this relationship could be considered 
linear in 1997 (Fig. 3.10a), in 1998 it was rather curvilinear with more variability in stomatal 
conductance when leaf-air temperature difference was negative or near zero (Fig. 3.10b). This 
same curvilinear behavior characterized the relationship between sap flow and leaf-air 
temperature difference in 1998 (Fig. 3.1 lb), but the scatter of data points in 1997 (Fig. 3.11a) 
did not show any particular tendency. 
Some plant to plant variability was observed in transpiration data measured by the sap 
flow method (Fig. 3.12) despite the presence of stem diameter in the equation which was used 
to compute sap flow and the conversion into millimeters on a leaf area basis suggested by 
Ham et al. (1990). The data points with the highest values on Fig. 3.12 represent 
measurements on the same plants on different days. Although we did not eliminate them from 
our analyses, we suspect that some unidentified anomaly was associated with those plants, or 
the gauges which were attached to them. Fig. 3.12 also shows that the variability of sap flow 
is greater during high evaporative demand days. This could reflect the different status of 
different plants, although th^ were supposed to be under the same watering conditions. Also, 
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Fig. 3.10: Relationship between maize leaf stomatai conductance and leaf-air temperature 
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Fig. 3.11: Relationship between the sap flow of maize plants and leaf-air temperature 
difference (Tc-Ta) in a) 1997 and b) 1998. ISU Hinds Irrigation Farm, Ames, lA. 
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Sap flow = 0.75* PET-0.93 r=0.83 
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Fig. 3.12: Relationship between transpiration of non-stressed maize plants and potential 
evapotranspiration (PET), a) 1997, b) 1998. All plants. ISU ICnds Irrigation Farm, Ames, lA. 
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declined at high transpiration rates. This could be due to the relative greater variability of big 
numbers compared to smaller ones. 
Mean transpiration of non-stressed plants was well correlated with potential 
evapotranspiration during both years (r = 0.95, Fig. 3.13). However, the slopes for the two 
years were significantly difierent (0.73 in 1997 and 0.85 in 1998). This indicates that under the 
same conditions of atmospheric demand, the plants had higher transpiration rates in 1998 than 
in 1997. This could be eqjlained by the greater leaf area indoc in 1998, as we mentioned 
earlier in chapter 2. In that regard, Shaw (1988) mentioned that plant water use increases 
rapidly with stand to reach a point at which there is no more increase in solar radiation used 
for evapotranspiration. 
Shaw (1988) also presented a soil water deficit index (SI) expressed as follows; 
SI = 1 - AET/PET 
where AET is the actual, and PET, the potential evapotranspiration. 
The seasonal SI is computed as the sum of daily Sis over the 85 days encompassing 
silking (40 days before, and 44 days after). In addition, weighing &ctors are assigned to each 
five-day period relative to silking. Shaw (1988) indicated that this index was well correlated 
with maize grain yield and proposed a relationship that could be used to predict maize yield in 
Iowa. We adapted a slightly modified version of this index to our situation. The new stress 
index was computed not daily, but over the entire dry down period of the second com borer 
generation. This corresponded to the periods of 6 to 18 days in 1997 and 4 to 15 days in 1998 
after silking. A good relationship (r = -0.73, n = 29) was found with grain yield for the two 
years. Although we fitted a straight line to this relationship following Shaw (1988), the scatter 
TRANS = 0.73*PET-0.84 r=0.95 
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Fig. 3.13; Relatioiiship between transpiraticn of non-stressed maize plants and potential 
evapotranspiration. a) 1997 b) 1998. Treatment averages. ISU Ifinds Irrigation Farm, Ames. 
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of data points may suggest a plateau at low stress indices, and a dramatic yield reduction for 
stress indices greater than 0.4 (Fig. 3.14). Soil evaporation was not included in these 
calculations, which could be a reason for the lack of low stress indices in 1997. Indeed, 
evaporation from the soil surface would have a greater proportion in actual evapotranspiration 
in 1997 because of the lower leaf area ind&c. 
3.3.5. Yield components and com borer tunneling 
A detailed analysis of the effect of water deficit and plant type on yield components 
was given in chapter 2. Here we analyzed the data related only to the plants on 
which sap flow measurements were done. In 1997, the first generation stress significantly 
reduced biomass yield (58% of the control, p = 0,009) and kernel number per ear (64%, p = 
0.033). The second generation stress had also a significant effect on kernel number per 
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Fig. 3.14; Relationship between grain yield and stress index during the second generation 
stress. ISU Ifinds Irrigation Farm, Ames, lA 1997-1998. 
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ear (73%, p = 0.033) and harvest index (75%, p = 0.010). The effect of both stress times on 
grain yield (p= 0.051) and the weight of 100 kernels (0.54) was not significant (averages of 
5852 kg/ha and 30.5 g, respectively). In 1998, the first generation stress significantly reduced 
grain yield (72%, p = 0.011) and kernel number per ear (81%, p = 0.014). The second 
generation stress also reduced grain yield (51%, p = 0.011), kernel number per ear (59%, p = 
0.014) and harvest index (61%, p = 0.011). However, their effect on biomass yield and the 
weight of 100 kernel was not significant (p= 0.11 and 0.19, respectively). During both years, 
Bt and non-Bt plants did not differ significantly for any yield component. No significant effect 
of water deficit nor plant type (Bt or non-Bt) was observed regarding the tunneling caused by 
first or second generation com borer larvae. Bt plants did have however the least amount of 
stalk tunneling during both years, particularly by the second generation larvae ( 16.3 and 42.4 
cm in 1997 and 40.6 and 58.2 cm in 1998, p= 0. 35 and 0.58 , respectively). 
3.4. Conclusions 
The results of the two year study showed that the Bt (CIB A MAXTMT7F.R 454) and 
non-Bt (CIB A 4490) maize plants responded to soil water deficit by increasing their leaf 
temperatures and lowering their stomatal conductances. The sap flow of stressed plants was 
significantly reduced, compared to those receiving adequate irrigation. During the two com 
borer generations in 1997 and 1998, no significant difference was found between Bt and non-
Bt plants in either of these indicators of plant water status. This means that introducing the Bt 
gene into maize plants for better resistance to European com borer did not affect their water 
relations. Although it was possible to differentiate stressed plants fi'om non-stressed ones 
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using leaf temperature and stomatal conductance, these two indicators were weakly correlated 
between themselves and with transpiration estimated by the sap flow technique. Imposition of 
water deficit did not result in any significant di£ference in stalk tunneling by the first nor the 
second generation com borer larvae. Non-Bt plants had greater tunneling during both years, 
but the difference with Bt plants was not significant. Transpiration of non-stressed plants was 
well correlated with Penman potential evapotranspiration, suggesting that the sap flow 
technique is more suitable than porometry and infixed thermometry for plant transpiration 
measurements under varying environmental conditions, if an adequate number of gauges are 
used. A stress index, derived fi'om transpiration measured 15 to 18 days after silking, was well 
correlated with grain yield and could therefore be used as a simple yield forecasting tool by 
decision makers. 
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CHAPTER rV. GENERAL CONCLUSIONS 
The resuhs of the two year study did not show any significant difference between Bt 
and non-Bt com plants in growth, development or water relations. Vegetative period water 
deficit resulted in a delay in leaf appearance for both Bt and non-Bt plant types, but there was 
no significant effect on total leaf number. Thermal time requirement per leaf was different 
fi-om one year to another for stressed and non-stressed plants. This was attributed to the 
interactive effect of photoperiod and cool temperatures on the rate of leaf appearance in 1997. 
It was suggested that accounting for this interactive effect could be an improvement in 
algorithms predicting maize leaf appearance rate, particularly for locations where daily 
average temperatures may go below 18°C during the early vegetative period. The first 
generation water deficit caused a delay in tasseling by 3 days in 1998, but did not have a 
significant effect in 1997. 
Plams stressed during the first com borer generation significantly reduced their leaf 
area, compared to those not stressed. Leaves with the largest area were bigger in 1998 for 
stressed and non stressed plants, due probably to their slower appearance rate. 
The first generation water deficit significantly reduced crop height only for a short 
period in 1997, but this effect lasted longer in 1998. During both years, stressed plants grew 
faster after the interruption of water deficit and by the time of tasseling, the difference in 
height between them and non-stressed plants was no more significant. 
Water deficit significantly reduced grain and biomass yields, and kernel number per ear 
during both years. The reduction of 100 kernels weight was significant in 1998 only. The 
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lowest grain yields were observed with treatments imposed during periods encompassing or 
immediately following tasseling. Biomass yield was lowest with plants subjected to water 
deficit during the vegetative period, but there was also a significant reduction when stress was 
imposed during the reproductive period. 
Water deficit did not significantly affect the degree of stalk tuimeling by the first or 
second generation com borer larvae. Non-Bt plants had greater, but not significantly different 
stalk tunneling by the first generation com borer larvae. This difference was significant 
however for the second generation larvae. 
Bt and non-Bt plants responded to water deficit by increasing their leaf temperatures 
and lowering their stomatal conductances. Also, sap flow of moisture stressed plants was 
significantly lower than that of those receiving adequate irrigation. During the two stress 
periods in 1997 and 1998, no significant difference was found between Bt and non-Bt plant 
types in any of plant water status indicators. Therefore, introducing the Bt gene into maize 
plants for a better resistance to European com borer did not affect their water relations. 
Although it was possible to differentiate stressed and non-stressed plants using leaf 
temperature and stomatal conductance, these two indicators were weakly correlated among 
themselves and with sap flow. Transpiration of non-stressed plants was well correlated with 
Penman potential evapotranspiration, suggesting that the sap flow technique is more suitable 
than porometry and infiared thermometry for plant transpiration measurements under varying 
environmental conditions. A stress index was derived fi'om transpiration measured 15 to 18 
days after silking, and could be used as a simple yield forecasting tool. 
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APPENDIX 1: DAILY WEATHER DATA COLLECTED AT THE IOWA STATE 
UNIVERSITY HINDS IRRIGATION FARM. SUMMER 1997 
DATE DOY TMAX TMIN TAAV SRAD RHAV WSAV PET 
27-Jun 97178 29.4 14.9 22.7 29.4 73.7 1.6 6.7 
28-Jun 97179 30.5 20.2 24.9 24.8 79.8 2.3 6.1 
29-Jun 97180 29.7 17.2 22.8 21.4 82.3 1.5 4.7 
30-Jun 97181 29.5 18.2 23.3 27.4 85.9 0.4 5.5 
1-Jul 97182 30.6 20.6 25.8 24.7 84.0 2.1 5.9 
2-JuI 97183 26.8 18.1 21.2 29.2 61.3 2.3 7.3 
3-Jul 97184 21.7 14.8 17.7 17.6 72.4 1.4 3.9 
4-Jul 97185 21.7 11.5 16.1 20.4 72.4 1.1 4.0 
5-Jul 97186 24.6 8.2 17.5 25.2 73.6 1.0 4.8 
6-Jul 97187 23.8 14.1 19.3 30.0 69.5 0.6 5.9 
7-Jul 97188 26.7 9.1 18.9 24.5 73.5 1.6 5.1 
8-Jul 97189 29.3 18.9 24.5 28.4 74.0 0.8 8.8 
9-Jul 97190 23.8 13.6 19.2 25.4 81.6 1.2 6.7 
10-Jul 97191 25.7 14.1 19.9 20.9 80.0 2.7 6.1 
Il-Jul 97192 30.1 18.1 23.3 23.7 80.2 2.5 7.4 
12-Jul 97193 31.7 21.3 26.3 25.3 84.3 2.6 8.3 
13-JuI 97194 32.5 22.0 27.4 19.0 80.9 1.7 6.6 
14-Jul 97195 28.6 18.5 23.9 28.6 73.2 1.1 8.8 
15-Jul 97196 33.0 15.2 24.4 28.3 74.2 0.6 8.6 
16-Jul 97197 33.7 20.2 27.6 27.1 69.9 1.6 9.7 
17-Jul 97198 33.5 21.9 26.7 25.2 77.9 1.5 8.4 
18-Jul 97199 32.7 19.8 26.8 25.0 77.4 0.7 8.1 
19-Jul 97200 33.5 21.9 27.6 25.8 74.5 1.0 8.8 
20-Jul 97201 32.5 20.7 25.3 19.1 81.6 0.9 6.0 
21-Jul 97202 28.5 19.7 23.3 17.2 90.3 0.5 4.8 
22-Jul 97203 25.3 20.4 22.4 15.2 90.7 1.3 4.2 
23-Jul 97204 26.2 19.0 22.1 14.9 94.7 1.1 3.9 
24-Jul 97205 29.1 20.3 24.5 18.6 93.2 2.0 5.3 
25-Jul 97206 34.8 23.7 28.7 22.7 81.1 1.7 7.8 
26-JuI 97207 33.6 22.2 28.6 26.2 80.9 0.7 8.6 
27-Jul 97208 30.7 21.9 25.6 15.1 87.6 0.6 4.5 
28-Jul 97209 27.9 18.4 23.8 21.8 83.6 0.5 6.3 
29-Jul 97210 25.1 16.2 20.4 24.3 77.7 0.9 6.6 
30-Jul 97211 24.2 14.0 19.5 26.6 70.6 1.3 7.3 
31-JuI 97212 25.3 11.2 18.9 25.7 75.6 1.1 6.8 
DOY = Day of the year (after January 01) SRAD = Solar radiation (MJ m"^) 
TMAX = Maximum air temperature (C) RHAV = Average relative humidity (%) 
TMIN = Nfinimum air temperature (C) WSAV = Average wind speed (m s"') 
TAAV = Average au* temperature (C) PET = Penman evapotranspiration (mm) 
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Weather data 1997 (cont.) 
DATE DOY TMAX TMEV TAAV SRAD RHAV WSAV PET 
I-Aug 97213 27.2 15.2 21.1 13.2 82.6 0.8 3.8 
2-Aug 97214 31.5 17.4 24.2 26.5 85.1 0.4 7.6 
3-Aug 97215 32.6 18.9 25.1 23.4 87.1 0.4 6.8 
4-Aug 97216 29.2 18.5 23.6 23.9 80.7 0.6 7.0 
5-Aug 97217 24.4 11.9 18.5 26.7 73.3 0.5 6.9 
6-Aug 97218 26.0 10.4 17.6 19.5 82.1 0.4 4.8 
7-Aug 97219 27.6 14.8 20.5 25.2 76.3 1.0 6.9 
8-Aug 97220 27.0 12.9 20.6 25.2 68.5 1.6 7.4 
9-Aug 97221 26.3 12.6 20.1 21.2 79.8 1-1 5.8 
10-Aug 97222 22.3 15.0 19.1 17.1 78.9 0.8 4.6 
11-Aug 97223 17.8 14.0 15.7 3.9 98.6 0.7 1.0 
12-Aug 97224 20.9 17.4 18.8 6.8 98.8 0.5 1.6 
13-Aug 97225 24.0 13.6 18.7 23.7 86.2 0.4 5.9 
14-Aug 97226 24.3 12.8 19.1 12.0 90.5 1.2 3.1 
15-Aug 97227 30.9 15.7 22.7 24.7 82.9 0.7 7.0 
16-Aug 97228 30.4 17.4 23.7 23.2 84.6 0.6 6.7 
17-Aug 97229 22.8 16.0 19.0 6.4 88.9 0.9 1.8 
18-Aug 97230 20.5 15.0 17.2 12.6 87.1 0.5 3.2 
19-Aug 97231 21.0 16.6 18.5 8.1 94.3 1.6 2.1 
20-Aug 97232 23.8 14.8 19.6 20.8 85.6 1.0 5.4 
21-Aug 97233 25.4 11.1 18.0 23.9 83.2 0.4 5.9 
22-Aug 97234 25.1 11.2 18.0 23.7 83.8 0.3 5.8 
23-Aug 97235 28.7 13.2 21.2 23.4 76.6 1.1 6.6 
24-Aug 97236 30.4 19.0 24.3 22.9 77.2 1.0 7.1 
25-Aug 97237 22.3 16.6 19.8 6.0 97.6 1.3 1.5 
26-Aug 97238 29.7 20.4 23.6 12.7 95.2 0.4 3.4 
27-Aug 97239 26.5 18.3 21.8 9.3 97.3 0.3 2.3 
28-Aug 97240 30.0 18.0 23.5 19.0 88.0 0.9 5.4 
29-Aug 97241 28.4 20.0 23.4 16.8 90.7 2.8 4.8 
30-Aug 97242 31.1 22.2 25.4 18.5 86.2 1.0 5.6 
31-Aug 97243 29.3 17.5 22.9 21.6 84.9 0.5 6.1 
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Weather data 1997 (coot.) 
DATE DOY TMAX TMEV TAAV SRAD RHAV WSAV PET 
1-Sep 97244 31.6 18.7 23.8 15.8 90.5 0.8 4.5 
2-Sep 97245 23.1 15.8 21.0 7.6 91.3 0.5 2.1 
3-Sep 97246 20.9 10.6 15.3 22.2 77.1 1.3 5.3 
4-Sep 97247 21.2 6.3 14.1 18.3 80.6 0.9 4.2 
5-Sep 97248 27.3 9.7 18.3 15.5 79.5 1.2 4.2 
6-Sep 97249 32.5 14.4 22.9 21.4 78.9 0.5 6.3 
7-Sep 97250 23.0 17.5 19.7 5.9 95.4 0.8 1.5 
8-Sep 97251 25.3 17.7 20.3 9.9 93.6 0.4 2.5 
9-Sep 97252 23.6 12.9 18.8 20.1 79.3 0.8 5.3 
10-Sep 97253 22.6 8.8 14.9 19.0 79.7 0.4 4.4 
11-Sep 97254 23.6 7.1 14.8 21.1 79.1 0.3 4.8 
12-Sep 97255 25.9 9.2 17.0 19.6 73.4 1.3 5.1 
13-Sep 97256 20.8 15.3 18.0 4.8 95.6 1.1 1.2 
14-Sep 97257 26.3 16.3 19.9 11.1 95.5 0.2 2.7 
15-Sep 97258 27.8 14.2 19.8 16.3 89.6 0.7 4.2 
16-Sep 97259 28.5 16.7 22.2 8.1 89.7 1.3 2.4 
17-Sep 97260 28.5 10.9 19.6 20.0 72.6 0.5 5.5 
18-Sep 97261 30.1 14.5 22.4 14.7 78.2 2.1 4.7 
19-Sep 97262 24.1 14.6 20.8 8.5 81.8 1.0 2.6 
20-Sep 97263 18.0 7.9 12.6 16.5 70.2 1.1 3.9 
21-Sep 97264 18.7 3.3 11.3 15.5 77.4 0.3 3.4 
22-Sep 97265 13.6 10.9 12.3 2.9 100.4 1.1 1.0 
23-Sep 97266 20.2 12.6 14.8 11.7 87.4 1.5 2.9 
24-Sep 97267 22.5 7.0 13.3 18.8 81.4 0.5 4.1 
25-Sep 97268 28.7 8.1 17.0 18.2 80.2 0.5 4.5 
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Weatiierdata 1998 
DATE DOY TMAX TMIN TAAV SRAD RHAV WSAV PET 
15-Jul 98196 30.5 18.5 24.8 25.8 73.1 0.9 8.1 
16-JuI 98197 28.1 18.6 23.2 27.3 75.6 0.5 8.0 
17-JuI 98198 27.4 17.0 21.9 16.7 84.9 0.7 4.7 
18-Jul 98199 29.9 20.0 25.6 25.7 76.3 1.4 8.2 
19-Jul 98200 32.9 20.3 26.4 25.4 73.1 0.6 8.3 
20-JuI 98201 34.9 22.5 28,7 24.8 72.9 1.5 8.9 
21-Jul 98202 28.1 22.1 25,5 15.1 71.8 0.7 5.2 
22-Jul 98203 28.2 19.4 23,1 17.0 82.0 0.6 5.0 
23-Jul 98204 25.8 15.4 20,5 24.0 74.6 0.4 6.6 
24-Jul 98205 27.0 16.6 21,7 23.0 72.7 0.3 6.6 
25-JuI 98206 23.9 16.4 20,3 16.1 78.3 1.0 4.6 
26-Jul 98207 27.1 15.5 21,5 25.2 75.3 0.8 7.1 
27-Jul 98208 28.7 16.8 22,8 21.9 80.3 0.7 6.3 
28-Jul 98209 31.2 15.3 23.5 25.9 75.2 0.7 7.7 
29-Jul 98210 27.1 14.5 21.4 24.8 66.0 0.8 7.3 
30-Jui 98211 26.2 17.4 21.1 19.2 68.8 0.6 5.7 
31-Jul 98212 26.0 12.3 19.6 22.4 72.6 0.5 6.1 
1-Aug 98213 26.0 13.1 20.2 25.7 71.2 1.4 7.2 
2-Aug 98214 22.0 15.6 18.9 7.5 84.3 1.9 2.3 
3-Aug 98215 28.7 18.3 22.4 19.7 79.7 1.6 5.8 
4-Aug 98216 26.6 19.1 21.5 8.8 90.8 0.5 2.4 
5-Aug 98217 24.4 18.8 21.0 8.1 90.0 0.7 2.2 
6-Aug 98218 20.4 18.2 19.3 3.5 92.2 0.4 1.0 
7-Aug 98219 25.0 17.0 21.3 14.6 82.3 0.7 4.1 
8-Aug 98220 28.4 15.9 21.7 20.4 80.6 0.4 5.7 
9-Aug 98221 31.4 17.6 24.4 21.7 79.6 0.8 6.6 
10-Aug 98222 28.6 18.3 23.2 18.3 81.7 0.4 5.3 
11-Aug 98223 29.2 16.4 22.5 20.7 76.5 0.5 6.0 
12-Aug 98224 25.3 17.0 21.2 12.4 82.7 0.9 3.6 
13-Aug 98225 26.5 18.3 21.6 14.7 83.9 0.6 4.1 
14-Aug 98226 29.6 17.0 23.2 21.4 79.6 0.7 6.3 
15-Aug 98227 28.7 17.7 22.3 22.4 80.3 0.5 6.3 
16-Aug 98228 30.1 18.4 24.2 21.4 78.2 1.4 6.6 
17-Aug 98229 28.7 22.0 26.0 18.6 83.1 1.5 5.9 
18-Aug 98230 29.1 20.5 24.3 18.0 85.3 2.4 5.5 
19-Aug 98231 30.6 20.4 24.8 14.7 86.0 2.4 4.6 
20-Aug 98232 32.6 21.3 26.1 20.1 82.9 1.3 6.3 
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APPENDIX 2: CUMULATED IRRIGATION WATER (MM). SUMMER 1997. 
Date DOY MSI MS2 MS3 MS4 MS5 MS6 
12-May 132 15 15 15 15 15 15 
25-May 145 42 42 42 42 42 42 
27-May 147 49 49 49 49 49 49 
4-Jun 155 50 50 50 50 50 50 
12-Jim 163 57 57 57 57 57 57 
16-Jun 167 57 80 80 80 80 80 
17-Jun 168 58 81 81 81 81 81 
18-Jiin 169 60 83 83 83 83 83 
23-Jun 174 60 106 106 106 106 106 
27-Jun 178 72 129 129 129 129 129 
1-Jul 182 83 152 152 152 152 152 
6-JuI 187 83 175 175 152 175 175 
8-JiiI 189 106 198 198 152 198 198 
12-JuI 193 129 221 221 152 221 221 
15-Jul 196 152 244 244 164 244 244 
17-Jul 198 175 268 268 187 244 268 
19-Jul 200 198 291 291 198 268 291 
20-JuI 201 221 314 314 221 291 314 
23-Jul 204 226 318 318 226 295 318 
24-Jul 205 249 341 341 249 295 341 
27-Jul 208 272 341 364 272 295 364 
29-Jul 210 272 341 387 295 295 387 
31-Jul 212 295 341 410 295 318 410 
4-Aug 216 318 353 433 318 341 433 
8-Aug 220 330 376 456 341 364 456 
13-Aug 225 330 399 480 364 387 480 
16-Aug 228 341 422 503 387 410 503 
22-Aug 234 353 445 526 410 433 503 
28-Aug 240 364 468 549 433 456 503 
2-Sep 245 368 472 552 437 460 506 
8-Sep 251 384 488 568 453 476 522 
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Cumulated Irrigation water (mm). Summer 1998. 
Date DOY MSI MS2 MS3 MS4 MS5 MS6 
11-May 131 12 12 12 12 12 12 
12-May 132 23 23 23 23 23 23 
19-May 139 35 35 35 35 35 35 
26-May 146 46 58 58 58 58 58 
31-May 151 58 69 69 69 69 69 
9-Juii 160 69 81 81 81 81 81 
16-Jun 167 81 108 108 108 108 108 
27-Jun 178 81 134 134 134 134 134 
30-Jun 181 81 157 157 157 157 157 
7-Jul 188 81 181 181 181 181 181 
10-Jul 191 92 192 192 181 192 192 
13-Jul 194 92 215 215 181 215 215 
15-Jul 196 98 220 220 186 220 220 
17-Jul 198 127 250 250 215 250 250 
21-Jul 202 150 273 273 238 273 273 
24-Jul 205 173 273 296 261 296 296 
27-Jul 208 173 273 319 261 296 296 
28-Jul 209 196 273 342 284 319 319 
29-Jul 210 196 284 342 284 319 319 
30-JuI 211 219 284 365 307 319 342 
5-Aug 217 242 307 388 330 319 365 
10-Aug 222 265 330 411 353 319 388 
12-Aug 224 288 353 434 353 319 388 
13-Aug 225 288 353 434 376 319 411 
17-Aug 229 300 376 457 399 330 434 
21-Aug 233 309 386 467 409 340 444 
24-Aug 236 332 409 490 432 363 444 
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APPENDK 3: FORTRAN?? CODE FOR THE CONVERSION OF HOURLY 
VALUES OF WEATHER VARIABLES INTO DAILY VALUES AND FOR THE 
CALCULATION OF THERMAL TIME USING THE NWS AND CERES-MAIZE 
METHODS 
•CALCULATION OF DAILY WEATHER DATA USING HOURLY VALUES ' 







REAL TA13,WS13^13 JIAD13,VPDI3 
REAL TA14,WS14^14,RAD14,VPDI4 
OPEN( 15 JILE=Tiif97.pm',STATUS=='OLD') 












SUMGDD = 0.0 
READ(15,350) 
DO 20 DOY=170.0,260.0 
GDD =0.0 
TMAX=0.0 
TMIN = 50.0 
SUMT = 0.0 
SUMRH = 0.0 
VPDMAX=0.0 
SUMWS = 0.0 
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TOTRAD =0.0 
SUMHSTR = 0.0 
DO 30 TIME=0,2300 
READ(15,300,end=2000)DOY,TIME,TEMP,HUM,WS3AD 
cc In the file HIF9*.PRN, TEMP is in degrees Ceicius, 
cc RAD is in W/m2, HUM in % and WS in m/s 
c Latitude and Altitude of Ames, lA. 
ALAT=42.03 
ALT=334.1 
cc CALCULATION OF THE SATURATION VAPOR PRESSURE ES (kPa) (p. 174) 
ES=3.38639*((0.00738*TEMP+0.8072)»*8- 0.000019* ABS(1.8*TEMP+48)+ 
1 +0.001316) 
EA=HUM»ES/100.0 
VPD = ES-EA 







HSTR = 0.0 
ENDIF 
SUMHSTR= SUMHSTR+HSTR 
SUMT = SUMT+TEMP 
SUMRH = SUMRH+HUM 
SUMWS =SUMWS+WS 
TOTRAD = TOTRAD + RAD 
cc Calculation of midday weather parameters 
IF (TIME.EQ.1200) THEN 
TA12 = TEMP 
WSI2 = WS 
RH12 = HUM 
RAD12 = RAD 
VPD12 = VPD 
ELSEIF (TIME.EQ.1300) THEN 
TA13 = TEMP 





ELSEIF (TIME.EQ. 1400) THEN 
TA14 = TEMP 
WS14 = WS 
RH14 = HUM 
RAD14 = RAD 
VPD14 = VPD 
ENDIF 
30 CONTINUE 
cc End hourly calculations 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
cc Now the daily values 
cc Conversion of Wm-2 to MJKni-2day-l 
SRAD =TOTRAD»3600/1000000.0 
RHAV = SUMRH/24.0 
TAV = SUMT/24.0 
WSAV = SUMWS/24.0 
cc Calculation of growing degree days (thermal time) 
IF(TMIN.LT.8.0) THEN 
GDD = 0.0 
ELSEIF(TMAX.LE.30.0) THEN 
GDD = (TMAX + TMESf) / 2 - 8.0 
ELSEIF(TMAX.GT.30.0) THEN 
GDD = (30.0 + TMIN) / 2 - 8.0 
ENDIF 
SUMGDD = SUMGDD + GDD 
cc 2. CERES-MAIZE way. Jones and Kiniry (1986) 
cc Calculates 8 three-hour values of GDD if TMIN <8 or TMAX> 34 C and averages them 
DTT = 0.0 
SUMDTT = 0.0 
IF(TMIN.GE.8.0.AND.TMAX.LE.34.0) THEN 
GDDl = 0.4*TMAX + 0.6»TMIN - 8.0 
ELSEIF(TMIN.LT.8.0.0R.TMAX.GT.34.0) THEN 
DO 50 1=1,8 
TMFAC = 0.931+0. n4*I-0.0703»I**2-K).0053»I*»3 
TTMP = TMDSr +TMFAC*(TMAX - TMIN) 
IF(TTMP.GE.8.0.AND.TTMP.LE.34.) THEN 
DTT = DTT + (TTMP - 8.)/8. 
ELSEIF(TTMP.GT.34..AND.TTMPiE.44.) THEN 
DTT = DTT + (34. - 8.)*(l.-(TTMP-34.)/10.)/8. 
ELSE 
I l l  
DTT= DTT + 0.0 
ENDIF 
SUMDTT = SUMDTT+ DTT 
50 CONTINUE 
GDDl = SUMDTT/8.0 
ENDIF 
SUMGDDl = SUMGDDl + GDDl 
cc End calculation of thermal time 
cc DOY = 98000.0 +DOY 
DOY = 97000.0 + DOY 
cc Normal GDD 
cc WRITE(18,800)DOY,SRAD,TMAX,TMIN,WSAV,RHAV,TAV, VPDMAX,SUMHSTR, 
cc 1 GDD, SUMGDD 
cc CERES-Maize GDD 
WRITE(18,800)DOY,SRAD,TMAX,TMIN,WSAV3HAV,TAV,VPDMAX,SUMHSTR, 
1 GDDl, SUMGDDl 
WRITE(19,1000)DOY,RAD12,TA12,RH12,WS12,VPD12 
WRITE(21,1000)DOY,RAD13,TA13,RH13,WS13,VPD13 







1100 FORMATCX,' DOY RAD TA RH WS VPD') 
1200 FORMAT(X,' W/m2 C % m/s kPa') 
900 FORMAT(X,' DOY SRAD TMAX TMIN WSAV RHAV 
1 TAV VPDX HSTR GDD SUMGDD') 
700 FORMATCX,' MJ/m2 C C m/s % 






APPENDIX 4: FORTRAN?? CODE FOR THE CALCULATION OF THERMAL 
TIME (GDD) AND GENERAL TEMPERATURE INDEX (GTI) USING DAILY 
MAXIMUM AND MINIMUN TEMPERATURES 
cc 'CALCULATION OF GROWING DEGREE DAYS and HEAT STRESS INDEX * 
cc USING DAILY MAXIMUM AND MINIMUM TEMPERATURES 
cc 
cc By Seydou B. Traore 12/30/98 
INTEGER DOY, DOYl, I 
REAL ALAT^T,TMAX,TMIN,TAV3STR,SUMHSTR 
REAL GDD,SUMGDDJTI,GTI, GDD1,SUMGDD1, DTT,SUMDTT, TMFAC, TTMP 
OPEN(10,FILE=txtn97.pm',STATUS='OLD') 
OPEN(l l,FILE='gdd97.res',STATUS=T^EW  ^
WRITE(11,400) 
GDD = 0.0 
SUMGDD = 0.0 
GDDl = 0.0 
SUMGDDl = 0.0 
HSTR = 0.0 
SUMHSTR = 0.0 
FTI = 0.0 
GTI = 0.0 
READ(10,350) 
DO 20 DOY = 0,366 
READ(10,300,end=2000)DO Y,TMAX,TMIN 
cc Calculation of growing degree days (cc 1. Simple way) 
TAV = (TMAX +TMIN)/2 
IF(TAV.LT.8.0) THEN 
GDD = 0.0 
ELSEIF(TMIN.LT.8.0) THEN 
GDD = (8.0 + TMAX) / 2 - 8.0 
ELSEIF(TMAX.LE.30.0) THEN 
GDD = (TMAX + TMDST) / 2 - 8.0 
ELSEIF(TMAX.GT.30.0) THEN 
GDD = (30.0 + TMIN) / 2 - 8.0 
ENDIF 
SUMGDD = SUMGDD + GDD 
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cc 2. CERES-MAIZE way . Jones and Kiniiy (1986), Hodges and Evans (1992) 
cc Calculates 8 three-hour values of GDD if TMAX > 34 C and averages them 
DTT = 0.0 
SUMDTT = 0.0 
IF(TMIN.GE.8.0.AND.TMAXXE.34.0) THEN 
GDDl = 0.4*TMAX + 0.6*TMIN - 8.0 
ELSEIF(TMIN.LT.8.0.0R.TMAX.GT.34.0) THEN 
DO 50 1=1,8 
TMFAC = 0.931+0.114»I-0.0703*I**2+0.0053*I**3 
TTMP = TMESr +TMFAC»(TMAX - TMBST) 
IF(TTMP.GE.8.0.AND.TTMPXE.34.) THEN 
DTT = DTT + (TTMP - 8.)/8. 
ELSEIF(TTMP.GT.34..AND.TTMPiE.44.) THEN 
DTT = DTT + (34. - 8.)»(l.-(TTMP-34.)/10.)/8. 
ELSE 
DTT= DTT + 0.0 
ENDIF 
SUMDTT = SUMDTT+ DTT 
50 CONTINUE 
GDDl = SUMDTT/8.0 
ENDIF 
SUMGDDl = SUMGDDl + GDDl 
cc Calculation of GTI 
cc Stewart et al. 1998. Agron. J. 90:73-79 
FTI = 0.043177 » TAV»»2 + 0.000894»TAV»*3 
GTI =GTI + FTI 
cc Calculation of heat stress index 
IF(TMAX.LE.30.0) THEN 
HSTR = 0.0 
ELSE 
HSTR = TMAX - 30.0 
ENDIF 
SUMHSTR = SUMHSTR + HSTR 
cc DOYl = 98000 + DOY 








400 FORMAT(X,'DOY TMAX TMIN TAV HSTR SHSTR GDD GDD I 







APPENDIX 5: FORTRAN?? CODE FOR THE CALCULATION OF PENMAN 
POTEimAL EVAPOTRANSPIRATION (PET) 
CC* * 
CC* CALCULATION OF POTENTIAL EVAPORATION USING » 
cc* THE PENMAN 1963 EQUATION * 
cc* * 
cc* By Seydou B. Traore 01/23/1999 * 
cc* * 
cc* Adapted from Jensen et al. eds. 1990. Evapotranspiradon * 
cc* and irrigation water requirements. ASAE. * 
cc* * 
INTEGER MON, DAY,TIME ,^YEAR 
REAL ALAT^ONG, ALT,TDP,TRAD,SRAD,TAMX,TAMN,TAAV41HAV 
REAL TSAV,WSAVJDOY^OYl J»ET 
REAL ALPHAJ)ELTAJINET,G3HOA,CPJES^A,GAMMA4>04»3PSIL41S JIB 
REAL PIJIA,SD,SINSE,SCATJlS0JlB0,VK^3MISS3MnT 
REAL Z,U41SS JICAJ^T JlAJlHOWJtATIO 








cc WRITE( 17,400) 
READ(15,350) 
READ(15,350) 
cc DO 20 DOYl = 98100.0,98300.0 
DO 20 DOYl = 97100.0,97300.0 
READ(15,300,end=2000)DOYl ,SRAD,TMAX,TMIN,WSAVJIHAV,TAAV 
cc In the files daily**.dat. Temperatures are in degrees Celcius, 
cc SRAD is in MJ/m2day, RHAV in % and WSAV in m/s 
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cc Latitude, Altitude(mX and longitude of Ames, LA 
ALAT=42.066667 
ALT=334.1 
ALONG = -93.616667 
cc DOY=DOYl-98000.0 
DOY =DOY1-97000.0 
cc VARIABLES USED IN THE PENMAN 1963 EQUATION 
cc Density Dry air RHO Jensen et ai.,1990 (kg/ni3) (p. 169) 7.5 
RHOA=I.23 - 0.112»10E-3»ALT 
cc Specific heat at constant pressure of moist air. CP(MJ/kg°C)(p. 169) 
CP=0.001013 
cc Atmospheric pressure for standard atmosphere; P(kPa) (p. 169) 7.4 
P0=101.3 
P=(PO - 0.01055»ALT) 
cc Latent heat of vaporization: L(MJ/kg) Jensen et al. 1990 (p. 169) 
AL=(2.501-2.361»10E-3»TAAV) 
cc Ratio of mass of water vapor to mass of diy air EPSIL (p. 168) 
EPSIL=0.622 
cc Psychrometric constant GAMMA (kPa/°C) Jensen et al. 1990 (p. 133) 
GAMMA =(CP»P)/(AL*EPSIL) 
cc CALCULATION OF THE SATURATION VAPOR PRESSURE ES (kPa) (p. 174) 
ES=3.38639»((0.00738*TAAV-K).8072)*»8- 0.000019* ABS(1.8»TAAV+48)+ 
1 +0.001316) 
cc ACTUAL VAPOR PRESSURE EA (kPa) 
EA=RHAV»ES/100.0 
cc SLOPE OF SATURATION VAPOR PRESSURE: DELTA (kPa/°C) (p. 175) 
DELTA=0.200*(0.00738*TAAV+0.8072)*»7 - 0.000116 
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cc CALCULATION OF THE NET RADIATION 
cc Albedo ALPHA for the FAO modified Pemnan method over a cropped sur&ce 
ALPHA=0.25 
cc Incoming short wave radiation RS MJ/m2d 
RS=SRAD 
cc Clear si  ^solar radiation RS0(MJ/ni2d) 
cc From Agron. 505 class . Dr R.W. Arritt, Spring 1996 












IF (AISR.LT.O) AISR=0 
SUMISR=SUMISR+AISR 
60 CONTINUE 
cc Conversion of W/m2 to MJ/m2d 
RS0=SUMISR»3600» 1OE-6 
cc Net outgoing clear-sky long wave radiation RBO (MJ/m2d) 
cc Net emittance of the surface (p.37) 
EMnT= -0.02+0.261 »EXP(-7.77» 10E-4»(TAAV)»*2) 
cc Stephan-Bohzmann constant SIGMA (MJ/ni2K4d) (p.37) 
SIGMA=4.903*10E-9 
RBO = EMnT*SIGMA*((TAAV + 273 .)*M) 
cc Net outgoing long wave radiation RB (MJ/m2d) (p.35 and table 3.3) 
RB=( 1.1 »(RS/RS0)- 0.1 )»RBO 
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cc Net radiation: RN (MJ/in2d) 
RNET=( 1.0-ALPHA)*RS-RB 
cc Leaf area index 
cc Adapted from my field measurements 
IF(DOY.LE.203.0) THEN 
LAI = EXP(-84.54)»EXP(16.13»LOG(DOY)) 
ELSE 
LAI = 3.5 
ENDIF 
cc Soil heat flux G(MJ/m2d)Bnitsaert, 1982 





cc Penman 1963 PET (mm/day) Jensen et ai., 1990 p.90 [6.15b] 
PET=(DELTA*(RNET-G)+GAMMA*6.43 »(1.0 +0.53 »U)*(ES-EA))/ 
1 (AL*(DELTA+GAMMA)) 
WRITE(16,700)DOY1 ,TMAX,TMIN,TAAV^3HAV,WSAV^ET 






400 FORMAT(X,' DOY DELTA GAMMA LAI H 
1 RBO RNEP) 
500 FORMAT(12F10.2) 
600 FORMAT(X,' DOY TMAX TMIN TAAV SRAD 








APPENDIX 6: YIELD COMPONENTS OF BT AND NON-BT CORN PLANTS 
SUBJECTED TO WATER DEFICT. 1997 
FACTORS Grain Biomass Number Weight (g) Harvest 
kg/ha kg/ha kernels 100 kernels index 
MOISTURE STRESS ** ** •kit NS ** 
First generation 4775 b 8118 c 391 ab 26.6 0.58 a 
Between the two gen. 5906 ab 11240 b 414 oA 30.1 0.51 ab 
Second generation 5151 b 11750 b 390 ab 28.2 0.43 b 
Silking 3773 b 11476 b 335 b 24.2 0.31 c 
After the second gen. 7510 aA 12922 a 564 a 29.0 0.58 a 
Control 7884 a 13728 a 545 a 31.1 0.59 a 
PLANT TYPE NS NS NS "kit NS 
CIBABt 6024 11863 411 30.6 a 0.50 
CIBA non-Bt 6023 11273 435 29.6 ab 0.54 
NKBt 5980 12396 472 27.5 be 0.48 
NK non-Bt 5306 10625 441 25.0 c 0.48 
INTERACTION NS NS NS NS NS 
AVERAGE 5848 11570 442 281 0.50 
MSE(a) 4216007 2213910 14255 35.49 0.01670 
MSE(b) 3314133 7787429 15083 22.48 0.01136 
SEM(MS) 593 430 34.5 1.7 0.040 
SEM (FT) 387 593 26.1 1.0 0.023 
Contrast Bt vs non-Bt NS * NS NS NS 
Contrast CIBA vs NK NS NS NS ** NS 
n 94 94 94 94 94 
**, and NS indicate significance at 0.01,0.05, and Non Significant, respectively. 
Means with the same letters are not significantly difi^ent 
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YIELD COMPONENTS OF BT AND NON-BT CORN PLANTS SUBJECTED TO 
WATER DEFICIT. 1998 
FACTORS Grain Biomass Number Weight g) Harvest 
kg/ha kg/ha kerads 100 kernels index 
MOISTURE STRESS ** ** ** ** ** 
First generation 5750 b 10938 6 406 b 30.8 ab 0.53 a 
Between the two gen. 7162 a 13495 a 482 a 31.8 a 0.53 a 
Second generation 3291 c 10745 b 268 c 22.8 c 0.28 c 
Silking 5189 11638 6 AlObc 21A be 0.43 6 
After the second gen. 7737 a 14638 a 521 a 32.2 a 0.53 a 
Control 7862 a 14521 a 520 a 32.4 a 0.53 a 
PLANT TYPE ** NS NS ** ** 
CffiABt 6702 a 13079 439 32.1 a 0.50 a 
CIBA non-Bt 6436 a 12862 415 32.9 a 0.49 a 
NKBt 623% b 12956 466 21.1b 0.46 ab 
NK non-Bt 5286 A 11754 418 25.6 c 0.44 b 
INTERACTION NS NS NS NS NS 
AVERAGE 6182 12686 435 29.6 0.47 
MSE(a) 262776 3921702 10266 35.90 0.0133 
MSE(b) 1910463 3837750 9882 16.22 0.0058 
SEM(MS) 451 551 25.8 1.67 0.32 
SEM(PT) 302 428 21.7 0.88 0.017 
Contrast Bt vs non-Bt * NS NS NS NS 
Contrast CIBA vsNK ** NS NS ** 
n 95 95 95 95 95 
*, and NS indicate significance at 0.01, 0.05, and Non Significant, respectively. 
Means with the same letters are not significantly different 
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APPENDIX 7: .CORN BORER TUNNELING (CM) FOR BT AND NON-BT CORN 
PLANTS SUBJECTED TO WATER DEFICIT DURING THE FIRST AND SECOND 
EUROPEAN CORN BORER GENERATIONS. 
FACTORS 1997 1998 
1st gen. 2nd gen. 1st gen. 2nd gen. 
MOISTURE STRESS NS NS NS NS 
First generation 0.00 3.50 0.40 1.83 
Between the two gen. 0.32 6.59 0.37 1.28 
Second generation 0.48 4.64 0.03 2.83 
Silking 1.23 5.99 0.17 4.18 
After the second gen. 0.40 3.05 0.00 1.58 
Control 0.56 4.64 0.02 1.12 
PLANT TYPE NS ** NS 
CroABt 0.29 3.54 6 0.14 2.67 ab 
CIBA non-Bt 0.53 8.52 a 0.08 4.05 a 
NKBt 0.37 0.45 c 0.03 0.00 b 
NK non-Bt 0.79 6.43 a 0.39 1.99 b 
INTERACTION NS NS NS NS 
AVERAGE 0.50 4.73 0.18 2.07 
MSE(a) 0.85 5.02 0.36 2.76 
MSE(b) 0.69 4.75 0.19 2.94 
SEM(MS) 0.46 1.12 0.30 0.83 
SEM(PT) 0.34 0.89 0.18 0.70 
Contrast Bt vs non-Bt NS ** NS ** 
Contrast CIBA vs NK NS * NS NS 
n 96 96 93 93 
and NS indicate significance at 0.01,0.05, and Non Significant, respectively. 
Means with the same letters are not significantly different 
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